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A BSTR A CT
The purpose o f this study is to assess the potential to use water chemistry 
param eters to determine ground water flow pathways at the south rim of Grand Canyon 
National Park, Arizona. South rim  spring, ground, and surface waters and one north rim  
spring were sampled from  September 1992 through Septem ber 1993. Field 
measurem ents (pH, electrical conductivity, alkalinity, tem perature, total dissolved solids, 
and dissolved oxygen), m ajor anion (fluoride, chloride, brom ide, nitrate, phosphate, and 
sulfate) concentrations, selected trace element concentrations, and the ratios o f the stable 
isotopes o f oxygen and hydrogen. M ajor anion, trace elem ent, and field measurement 
data were analyzed using the multivariate statistical technique Principal Component 
analysis as a quantitative means for differentiating between waters according to 
hydrochem istry. The analysis suggests that springs issuing from  similar lithologic units 
and or geographic localities have analogous chemistry; that local ground water 
hydrochem istry is similar to south rim  springs water chem istry, and particularly those 
issuing from  the Redwall-M uav Limestones. South rim  surface waters and north rim 
waters are chemically distinct from  south rim spring and ground waters. Additional trace 
element analysis included the examination of shale-normalized rare earth element (REE) 
concentrations. Normalized REE profiles indicate that all south rim waters are depleted 
in the light REEs compared to the middle and heavy REEs. The Clearwell Overflow
(north rim  spring water imported for domestic and commercial use at the south rim, 
treated, and then discharged into a wash overlying Bright Angel Fault) profile suggests 
a somewhat disparate chemistry from  other waters sampled which is likely to these 
waters coming from a different source and the addition o f various chemicals during 
treatm ent o f waste waters.
M easured isotopic compositions of south rim  spring and ground waters suggest 
that these waters share a com m on source. Plots o f 5180  versus 5D illustrate that north 
rim  water is significantly m ore isotopically depleted than south rim  waters which implies 
a different origin. Indian Garden Spring waters and Clearwell Overflow both plot 
between north rim  and south rim  waters, indicating a mixing of the treated waste water, 
infiltrating via Bright Angel Fault, and local ground water.
M easured chloride, nitrate, and sulfate concentrations in Clearwell Overflow 
waters were the highest reported o f all sampled waters which is consistent with the 
treatm ent o f waste waters. Based on the isotopic data, it was expected that chloride 
concentrations in Indian Garden Spring water would reflect the mixing of Clearwell 
Overflow discharge waters with local ground water; they did not. Chloride may have 
been removed from solution during infiltration through the processes o f anion exchange 
or m em brane filtration.
Prelim inary assessment o f all data indicate that these techniques possess the 
potential to be employed as natural tracers of ground water flow pathways. Further 
sampling and analyses are warranted.
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CHAPTER 1
IN TR O D U C TIO N
Purpose
Relatively little is understood about the hydrologic system at the south rim of 
the Grand Canyon National Park (GRCA), Arizona (Figure 1). Thus an 
understanding of the relationships between surface recharge, ground water flow 
pathways, and spring discharge is essential for resource management. Studies of the 
south rim hydrogeology have been undertaken in the past by M etzger (1961), 
Huntoon (1974, 1980, 1982), and Goings (1985). Limited hydrochemical data, 
including field m easurem ents, major anions, and radionuclides, have been gathered in 
previous investigations as well (M etzger, 1961; Foust and Hoppe, 1985). Up to the 
present time however, the hydrochemistry o f south rim  waters has not been 
comprehensively evaluated.
This study was undertaken to identify tools for use in future hydrologic 
investigations. The results o f this effort will assist G R CA ’s Division o f Resources 
M anagement in the development of a comprehensive water resources management 
program , as directed by the Natural Resources Inventory and M onitoring Guideline,
1
2NPS-75 (Rugh and Peterson, 1992).
The purpose o f this study is to assess the potential to use water chemistry 
param eters to determine ground water flow pathways at the south rim . Param eters 
such as field measurements (pH, electrical conductivity, alkalinity, total dissolved 
solids, and dissolved oxygen), m ajor anion (fluoride, chloride, brom ide, nitrate, 
phosphate, and sulfate) concentrations, selected trace element concentrations, and the 
stable isotopes of oxygen and hydrogen were analyzed and assessed for their potential 
to define the relationship between springs discharging below the south rim , ground 
water being pumped from  wells on the south rim , and south rim surface waters.
From  September 1992 through September 1993 samples were collected from  nine 
south rim  springs, two local ground water wells, Clearwell Overflow (a wash which 
is the surface expression of Bright Angel Fault and which receives discharge from the 
Grand Canyon Sewer Treatm ent Plant), and the Transcanyon Pipeline at the Indian 
Garden Pump House (water originating from  a north rim  spring) (Figure 2). Some 
sites were sampled monthly, others quarterly, and still others randomly; the sampling 
schedule was influenced frequently by extreme weather conditions.
It has been suggested that the hydrochemistry of south rim spring and ground 
waters is related to the geologic environment through which they flow and thus, 
ground water flow pathways could be defined by chemical composition (Foust and 
Hoppe, 1985). A multivariate statistical technique was used in this study to 
differentiate between spring, ground, and surface waters according to hydrochemistry. 
Principal Component analysis (PC) was employed as an analytical tool to reduce and
organize a large hydrochemical data base into groups with sim ilar characteristics.
This data base included field measurements, and m ajor anion and trace element 
concentrations. The trace elements data set were further simplified by reducing it to 
the rare earth elements (REEs). These concentrations were normalized to a composite 
shale and then plotted to examine REE-hydrochemistry and water-rock interactions.
Past investigations have revealed that the stable isotopes of oxygen and 
hydrogen can be used as conservative tracers to identify the source and define ground 
water flow systematics (Ingraham , et a l., 1990; M uir and Coplen, 1981). 
Conventionally, the ratios o f these isotopes vary for waters o f disparate origin and, 
consequently, are useful as tools to identify ground water sources and/or delineate 
flow pathways. It was hypothesized that sampled south rim  ground water would be 
isotopically distinct from north rim  water, as well as the treated waste water 
discharged into Clearwell Overflow. Additionally, south rim  springs should share an 
isotopic affinity with the local ground water and plot accordingly.
Justifica tion
The water resources o f the south rim are characterized predominantly by 
intermittent streams; the local ground water table is estimated at approximately 3000 
ft (914 m) below the rim  surface [approximately 7000 to 6500 ft (2133 to 1981 m) 
above mean sea level (MSL)]; rainfall is seasonal and highly variable; and scattered 
perennial water sources are the result of a localized spring system which is dictated 
by geologic controls characterized by alternating perm eable and less perm eable strata
and extensive faulting, jointing, and fracturing.
Since creation of the park in 1919, the availability of potable water has 
continued to be a problem. Dom estic water for the rapidly expanding Grand Canyon 
Village on the south rim originally came from local shallow ground water wells or 
was brought in from  Flagstaff and W illiams by railroad tank-cars and stored in 
earthen catchment tanks (Brown and M oran, 1979). In the early 1920’s a pipeline 
was constructed and pumping began from  one o f the several large springs at Indian 
Gardens. How ever, by the 1950’s this supply was seen as inadequate to meet the 
park’s projected demand. Roaring Spring, located at the north rim , was chosen to 
supply domestic water to the south rim  and a transcanyon pipeline was constructed 
and activated in 1970.
There is a continual withdrawal of approximately 700 gallons per minute 
(gpm) [2650 liters per minute (1pm)] from  Roaring Spring, o f which the present 
pipeline system can transport 380 to 420 gpm (1438 to 1590 1pm) from the Indian 
Garden Spring Pump House up to the south rim (Brown, 1986). Approximately 121 
million gallons per year (458 m illion liters per year) o f end-use water are discharged 
from the Grand Canyon Treatm ent Plant into Clearwell Overflow, located 0 .9  miles 
(1.5 kilometers) due south o f the rim  (Table 1).
Additional demands for GRCA water resources originate from  the community 
o f Tusayan, located approximately 1.2 miles (1.9 kilometers) south o f the Park. Its 
perm anent population of approximately 200 individuals live on 157 acres (64 hectares) 
of privately owned land. Their livelihood is derived prim arily from  tourist-oriented
5services and enterprises. The Grand Canyon Airport, located south of Tusayan, 
obtains water from  runway runoff and a private ground water well. W ithin the 
township, a few shallow wells [200 to 300 ft deep (61 to 91 meters)] produce enough 
water to support several households. Until 1980, water for private and commercial 
use was trucked to Tusayan from  Santa Fe Railroad wells at Bellmont, Arizona, 75 
miles (121 kilometers) to the south. The National Park Service (NPS) has sold water 
to Tusayan since 1980.
Increases in human population in and around the canyon intensify the demands 
on ground water resources o f the region. GRCA cannot allocate additional water 
resources for sale to Tusayan due to a dramatic rise in park visitors and the resulting 
increase in park water use over the last few years. Private and commercial interests 
in Tusayan are thus proposing the drilling o f new water wells [approximately 3000 ft 
(91 m eters) deep] to supplement their existing supply. Uranium mining and 
associated ground water withdrawal has also been approved near the GRCA’s 
boundary, less than 10 miles (16 kilometers) from the south rim. There is increasing 
concern that intrusions by municipalities and industry could sever aquifer systems or 
reduce the hydraulic pressure o f the local aquifer(s) resulting in diminished flows and 
water quality at springs below the rim  (Kreamer, 1991).
The NPS has been entrusted with responsibility for protection of side-canyon 
springs w ithin the park and the ecosystems dependent upon them, and as such, is 
required to determine if and how withdrawal of ground water from local and/or 
regional sources would affect flow or water quality o f the springs below the rim. The
6potential to negatively impact below-the-rim  springs has motivated this preliminary 
hydrochemical investigation.
The following discussion outlines the rationale for examination of these 
particular water quality param eters, the sampling and analysis procedures used to 
compile and examine the hydrochemical data set, the results obtained from  the various 
analytical techniques, and the implications o f the results.
CHAPTER 2
B A C K G R O U N D
Field M easurem ents an d  M a jo r  Anions
All study sites were measured in the field for pH , electrical conductivity (EC), 
total dissolved solids (TDS), dissolved oxygen (DO), temperature (T°C ), and 
alkalinity. Samples were collected and analyzed for major anion concentrations: 
fluoride (F), chloride (Cl), bromide (Br), nitrate (N 0 3), phosphate (P 0 4), and sulfate 
(S04). As previously discussed, these two data sets are included in the 
hydrochemistry data base which was subjected to PC analysis. Treated waste water 
has been discharged into Clearwell Overflow for the past five years (1989 - 1994). 
Comparison of m ajor anion concentrations from  Indian Garden Spring and Clearwell 
Overflow may provide clues to the extent o f hum an influence, if any, upon the south 
rim  hydrologic system.
In a previous study, Foust and Hoppe (1985) reported south rim  waters as 
low-temperature with pH values ranging from  approximately 6.5 to 8.5; and 
characterized by large concentrations o f calcium  and magnesium (high total hardness) 
and by high alkalinities (large bicarbonate concentrations). The baseline chemical
7
compositions for the waters studied appeared to generally reflect local spring geology. 
For instance, limestone deposits (Kaibab, Torroweap, Redwall, and Muav formations) 
contribute calcium  carbonate to the south rim  spring and ground waters and 
magnesium carbonate is contributed by dolomite (M uav Limestone). These two 
m inerals dictate the composition o f all south rim  spring waters, with individual 
differences attributable to the presence o f local m ineral deposits. Gypsum, which 
contributes calcium sulfate to waters, is the third m ost important mineral in south rim 
spring water chemistry. Sodium chloride and sulfate levels are significantly higher in 
spring waters issuing from  below the Bright Angel Shale (M onument, Salt, and Horn 
Springs) than from  springs located higher up in the canyon.
P rinc ipa l C om ponent A nalysis
In general terms, water chemistry can be linked to flow path length and this 
tool has been used to a limited extent in past hydrologic studies at the Grand Canyon 
(M etzger, 1961; Huntoon, 1982; Foust and Hoppe, 1985; Goings, 1985). M etzger 
(1961) analyzed water samples from  fourteen springs along the south rim for mineral 
content and observed that as water percolated downward, there was an increase in 
m ineral concentration. Foust and Hoppe (1985) suggested that baseline chemical 
compositions for the south rim water sources they examined reflected local spring 
geology. However, chemical investigations that explore origin, movement, and 
mixing o f ground waters frequently are inconclusive because local chemical effects 
predominate over the small gradual changes in composition that accompany
9movements downgradient (Thatcher, 1965). A variable by variable analysis 
disregards pertinent information because hydrochemical species occur and recur along 
flow pathways and are typically correlated among each other (Riley, et a l . , 1990). 
W hile flow and m ajor chemical constituents in south rim  waters have been examined 
by other researchers, trace element concentrations have not been surveyed.
Hydrochem istry is a multivariate concept; it is not defined by any single 
constituent or summary value (Riley, et al., 1990). Traditional chemical modeling is 
inappropriate to examine trends and/or commonalities in a data set o f trace element 
concentrations because o f the very large number and potential interactions o f chemical 
parameters analyzed. Data reduction methods can lessen the size o f the data set and 
extract key inform ation for comparison (Stevens, 1986; Lindeman et a l., 1980). 
M ultivariate analysis constitutes a viable quantitative tool for differentiating between 
waters according to their hydrochemistry.
For this study, the data reduction and structure detection technique PC analysis 
was used to examine the field measurement, and m ajor anion and trace element 
concentration data. This procedure reduces the dimensionality o f a data set in which 
there are a large num ber of inter-related variables, while retaining the variation 
present in the original data set (Jolliffe, 1986). To reduce many variables and express 
them as a single factor, a variance maximizing rotation technique is applied which 
extracts a component in a manner sim ilar to a single regression line delineating the 
relationship between two correlated variables. After the first rotation extracts the 
initial variable or component, a second component is defined (by a second rotation)
10
which embodies a reduction o f the remaining variability not captured by the preceding 
component. This process is repeated, resulting in the successive components being 
independent, uncorrelated, and orthogonal to each other (Kream er et a l . , 1995). The 
combining of m ultivariables that account for less and less variability in the data set is 
the underlying principle o f PC analysis.
The variances extracted by the components are called eigenvalues, the sum of 
which constitute the total of the diagonal elements o f the variance-covariance matrix. 
The variance extracted by each component accounts for a specific percentage o f the 
total variance. Relative eigenvalues illustrate the percent variability identified with 
each component and that which remains after a com ponent has been extracted 
(Kream er et al, 1995). These eigenvalues provide a basis for the number of 
components to extract.
Field measurements and chemical concentration values, which account for 
approximately 63 variables, were introduced into the PC analysis which generated 
principal components and then calculated scores for each site. A score is the sum of 
the products o f the principal component loadings and the concentrations o f the 
chemical species. The scores for each site are graphed with principal components 
one, two, and three as the axes o f a three dimensional plot based on the concentration 
o f the trace elements for each site. A two dimensional plot can be generated when 
just the first two components, which contain most o f the variance o f the data set, are 
computed.
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R are  E a r th  E lem ents
REEs exhibit a unique, chemically coherent behavior and have recently been 
employed to study the interaction o f ground water with surrounding aquifer materials 
(Banner et al, 1989; Fee et al, 1992; Smedley, 1991). These investigations have 
demonstrated that ground water REE concentrations are related to the types of rocks 
through which the waters have flowed. These findings support the examination of 
REEs as potential tracers of ground water flow pathways and ground water-aquifer 
interactions.
W ith approxim ately 51 trace elements being examined, it can be challenging to 
discern between the interferences and antagonistic reactions occurring in ground water 
that might influence chemical concentration (Kream er et al, 1995). Normalized 
standards for the REEs are typically chosen to represent the potential source o f the 
REEs to the m aterial under study. REE values for water samples have historically 
been normalized to the REE values for a composite shale because it represents 
weathering products, silts, and sediments that are delivered to the oceans, the ultimate 
hydrologic source and sink (Henderson, 1984). The data used for shale-normalization 
are from Sholkovitz (1988).
The m easured REE concentrations are also normalized because the natural 
cosmic abundance o f the even atomic num ber REEs is higher than those of the odd 
atomic num ber REEs due to the greater atomic stability of the even numbered REEs. 
Thus, the unnorm alized REE plots typically produce a "zig-zag" pattern. This pattern 
can obscure subtle variations in the concentrations between REE neighbors. It is this
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variation that provides insight into the geochemical processes responsible for the REE 
concentrations (e.g. the conditions under which the rock formed, and any water-rock 
chemical interactions). Thus, normalizing REE concentrations smoothes out the zig­
zag pattern and effectively reveals any variations or trends in the sample REE 
concentrations (Henderson, 1984). If  geochemical processes have occurred between 
the rock and the water, resulting in fractionation (a change in the ratio) o f the REEs, 
this will be reflected in the REE normalized plots as deviations from a flat line.
Normalized N d/Y b ratios were also calculated. The ratio o f light-to-heavy 
REEs has been used in the past to further assess REE behavior in geologic and 
hydrologic systems. A ratio o f one or less is indicative o f enrichment in the heavy 
REEs (HREE) over the light REEs (LREE). Enrichm ent o r depletion in the HREEs 
and/or the LREEs can be attributed to complexation o f the REEs with various ligands, 
scavaging by particles, or chemical precipitation. Data on the nature o f REE 
complexes at low temperatures (like those seen at the south rim) are o f importance in 
the use of REEs as tracers in meteoric waters (W ood, 1990).
S table Isotopes
The stable isotopes o f hydrogen (D and H) and oxygen (180  and 160 )  are 
conservative tracers o f ground water movement because they are a component o f the 
water molecule itself. The value o f this tracer technique lies in the fact that stable 
isotopes are inert in so far as chemical reactions with the ground water. The two 
prim ary processes that modify the isotopic composition o f water are evaporation and
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heating by rocks at high tem peratures, as in geothermal systems (M uir and Coplen, 
1981). Evaporative effects are negligible once a water molecule enters the 
subsurface. These stable isotopes have conservative properties in a low-tem perature 
ground water environment like the south rim  and thus are unaffected by chemical 
processes (M uir and Coplen, 1981).
The variability in I80 / 160  o f natural waters is m erely a few parts per thousand; 
thus, it is convenient to determine the difference between the 180 / 160  abundance o f a 
sample and that of a standard, in parts per thousand ( %o), defined as <5180 .  In the 
same manner, the difference between the D/H  abundance versus that o f a standard is 
expressed as <5D. The reference standard composition used for this study was average 
seawater or Standard M ean Ocean W ater (SMOW ), as defined by Craig (1961a).
The isotopic pairs are plotted in relationship to the global m eteoric water line 
(MW L); relative enrichment or depletion of the isotope in a water sample is reflected 
in its position along the M W L. This line represents a linear correlation between <5D 
and <5180  of precipitation samples from  around the world such that:
<5D =  8 6180  +  10 (Craig, 1961a).
Fractionation (a change in the ratio) occurs during phase change processes. 
Therefore, condensation and evaporation processes are both reflected in the isotopic 
ratios. The condensation of precipitation from the atmosphere occurs under very 
nearly thermodynamic equilibrium  conditions, resulting in a linear relationship 
between hydrogen and oxygen isotopes in worldwide precipitation (MWL) (Craig, 
1961a). Evaporation o f water generally occurs under non-equilibrium conditions and
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fractionation o f the oxygen isotopes is greater than that o f the hydrogen isotopes. The 
water rem aining behind in the evaporation process thus develops an isotopic 
composition that plots to the right o f the MWL.
The ratios o f D /H  and 180 / 160  in precipitation are governed by the 
composition o f the parent vapor, which is dependent upon the temperature at which 
ocean water is evaporated, and the temperature of condensation at which clouds, rain, 
or snow are formed. This tem perature effect produces depleted or lighter isotopic 
composition at low temperatures and enriched or heavier composition under warmer 
conditions. The place of precipitation also defines the isotopic composition o f the 
water. Depleted or negative isotope values are indicative o f precipitation further 
inland from  the ocean and/or o f condensation occurring at higher altitudes. 
Additionally, the heavier the rain event or the greater the amount of monthly 
precipitation, the more negative the <5180  and <5D values o f the condensate.
Generally, <5D and 5180  are different for waters of distinct origin, and thus can 
be used to identify source and/or trace ground water m ovem ent (Brown and Taylor, 
1974; M uir and Coplen, 1981; Ingraham  et al, 1990). The isotopic ratios of south 
and north rim  waters will be examined to determine source, mixing, ground water 
flow pathways, and recharge rates.
CHAPTER 3
SITE DESCRIPTION AND GEOLOGIC SETTING
GRCA is located in the northwest com er of Arizona. The canyon is 1 mile 
(1.6 kilom eters) deep and 8 to 10 miles (13 to 16 kilometers) wide, dividing the 
Colorado Plateau into the Kaibab (north rim) and Coconino (south rim) Plateaus. The 
elevation on the south rim  is 6970 ft (2125 meters) above M SL. The north rim is 
approximately 1000 ft (305 meters) higher than the south rim . Temperatures at the 
south rim average -6 .6°C  to 26 .6°C  (20°F  to 80°F) (Goings, 1985). Precipitation at 
the south rim  occurs during prolonged winter cyclonic storms and short, intense 
summer thunderstorm s (Green and Seller, 1964). South rim  precipitation averages 16 
inches (41 centimeters) per year, while the north rim receives approximately 20 
inches (51 centimeters) per year. Soils and alluvial materials are thin, thus infiltration 
is rapid into the deep, open joints o f the underlying Kaibab Limestone (Metzger,
1961). The potential evaporation rate on the south rim ranges from 60 to 65 inches 
(152 to 165 centimeters) per year and the snow pack ablation rate during the w inter is 
equally high. Despite the rapid infiltration o f water, it is doubtful if more than 5 or 6 
inches (13 or 15 centimeters) o f the yearly precipitation penetrates the substrate 
beneath the surface soil and rock material. O f this amount, perhaps only 0.3 to 0.5 
inches (0.75 to 1.3 centimeters) o f precipitation will not be retained within the
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underlying rock strata and be available for recharge to aquifers (M etzger, 1961).
Ground water occurrence, storage, and movement at the south rim  is 
controlled by precipitation; the different lithologies of the sedimentary formations; the 
regional dip o f the Coconino Plateau to the southwest; and structural features such as 
faults and flexures, which create secondary porosities as well as negate the regional 
dip locally and draw water downgradient toward the canyon (M etzger, 1961). The 
stratigraphy of the canyon is a series of alternating permeable and less permeable 
strata. Discussion o f stratigraphic units will be limited to the water-bearing properties 
o f the rocks proxim ate to the springs within the study area.
On the Coconino Plateau, northwest trending faults and north trending 
monoclinal flexures tend to negate the regional flow away from the canyon (Huntoon, 
1974b). It is hypothesized by Goings (1985) and Huntoon (1974b) that runoff 
generated by precipitation on the south rim  flows through these structures toward the 
canyon. Two m ajor faults affecting the study area are Hermit Fault and Bright Angel 
Fault (Figure 3). Smaller parallel faults, jo in t sets, and pulverized zones greatly 
widen the fault zones and increase the perm eabilities of the strata 10 to 100 times 
(Huntoon, 1974b). These structures act as conduits through which the ground water 
bypasses impermeable lithic layers on its way to springs (Huntoon, 1974b).
Bright Angel Fault is a major structure extending northeast from  the south rim 
across the canyon to the north rim. It is down throw n to the east with a displacement 
of some 200 ft (61 m) near the south rim (Huntoon, 1974b). This fault acts as an 
effective "collection gallery" for ground water in the vicinity and discharges at Indian
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Garden Spring (N36° 4 .7 4 ', W 112° 7 .64 ') at approximately 3325 ft (1014 m) above 
M SL or 3365 ft (1026 m) below the rim  (M etzger, 1961). This spring issues from 
the east slope of the side canyon along the Bright Angel Fault at the base of the Muav 
Limestone and yields an estimated 300 gpm (1136 1pm) (Metzger, 1961) (Figure 4). 
Solution channels occur in the limestone units o f the M uav allowing ground water to 
move readily through the formation. The com bination of high permeability and the 
confining nature of the underlying Bright Angel Shale account for the yield at Indian 
Garden Spring (Goings, 1985).
Hawaii Spring (N36° 4 .3 0 ', W 112° 13 .11 '), another site issuing from the 
M uav Limestone, discharges approximately 1 gpm  (4 1pm) at 3365 ft (1026 m) above 
M SL. Hawaii is located on the western slope o f  Herm it Canyon, which is influenced 
by Hermit Fault. This is a m inor structure that extends from the Colorado River to 
just beyond the south rim  in a southwesterly direction. It is downthrown to the west, 
has a displacement o f 30 ft (9 m), and is the prim ary hydrologic collecting structure 
for Herm it Spring (Huntoon et al., 1980).
Herm it Spring (N36° 3 .8 7 ', W 112° 13 .51 '), for which the side canyon is 
named, has a yield o f approximately 1 gpm (4 1pm) where it discharges from  the 
eastern slope of the upper Redwall Limestone Form ation at approximately 3790 ft 
(1155 m) above MSL. Caves and solution channels have been developed in this 
formation, filled in, and re-excavated by subsurface water. Fractures and solution 
channels allow for potential storage and transmission o f large quantities o f ground 
water.
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A t 700 gpm (2650 1pm), the north rim ’s Roaring Spring yields the largest 
amount o f groundwater from the Redwall Limestone (Brown, 1986). Roaring Spring 
is the source of the water transported via the Transcanyon Pipeline to the south rim 
and eventually discharged as treated waste water into Clearwell Overflow.
Located along the eastern slope of upper H erm it Canyon is Santa M aria 
Spring, which issues from  the upper sandstone m em ber o f the Supai form ation at a 
rate of approximately 0.5 gpm (2 1pm) (Goings, 1985). The Supai is moderately 
cemented, but in the locality of Santa M aria Spring, water has percolated downward 
in a structurally favorable area and issues along the top o f a relatively impermeable 
layer (M etzger, 1961). This spring is located approximately 1790 ft (546 m) below 
the rim.
Dripping Spring (N36° 3 .8 0 ', W 1120 14 .59 ') discharges approximately 
1 gpm (4 1pm) from  the contact between the Coconino Sandstone and the Hermit 
Shale [about 1180 ft (360 m) below the rim] on the western slope of H erm it Canyon. 
Being fairly permeable, the Coconino permits downward percolation of water and can 
act as an aquifer overlying the Coconino Sandstone - Herm it Shale contact (Goings, 
1985). The northwest trending Ermita M onocline lies at the eastern tip o f Hermit 
Canyon and displaces strata up to 100 ft (30 m), causing the beds near the rim  to be 
tilted toward the river at approximately 5 degrees in a northeasterly direction 
(Huntoon et al., 1980). This tilting is significant in that it allows percolating water to 
flow toward the canyon and to exit at Dripping Spring (Goings, 1985).
Other structural controls o f ground water flow within the study area are two
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northwest trending high-angle gravity faults (Figure 3). The first extends from  the 
southern most end o f Herm it Fault in an easterly direction toward M onument Creek 
Spring (N36° 4 .8 9 ', W 112° 11.17’). The other extends from Bright Angel Fault 
westward toward H orn Creek Spring (N36° 5 .0 8 ', W 1120 8.61") and Salt Creek 
Spring (N36° 5 .1 0 ', W 112° 9 .75 '). These m inor faults create additional zones of 
permeability for the transmission of water (Huntoon et al., 1980).
M onument Spring and Salt Spring issue along the bedding planes of the 
Tapeats Sandstone, which is fairly well-cemented but friable near the contact with the 
Bright Angel Shale. H orn Creek Spring discharges from  the gradational contact of 
the Tapeats and Bright Angel Shale (Goings, 1985). The overlying Bright Angel 
Shale retards the downward movement of water, but is believed to be sufficiently 
fractured to allow transmission of small amounts o f water (Goings, 1985). These 
springs each yield less than 1 gpm (4 1pm) and are located between 3000 and 2700 ft 
(914 and 823 m) above MSL.
Four additional structures affecting ground water movement toward the inner 
canyon are the northeast trending Vishnu and McKee Faults, and the north-to- 
northwest trending Skinner Monocline and Skinner Syncline (Figure 3). Page Spring 
is situated in the same locality o f these features below Grandview Point, east of 
Horseshoe M esa, and along the western branch o f Hance Canyon. It discharges from 
the base of the Redwall Limestone [2950 ft (899 m) below the rim] at less than 1 gpm 
(4 1pm).
The Canyon Uranium Mine ground water well (identified only as Canyon
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M ine in the following discussions) is located approxim ately 10 miles (16 kilometers) 
south of the rim in the locality o f the structural features discussed above (Energy 
Fuels Nuclear, Inc., 1985). Canyon Mine ground water samples were draw n from a 
depth o f 3100 ft (945 m) below the rim surface at a rate o f 790 gpm (2990 1pm). 
Lateral ground water movement in the Redwall-M uav Aquifer, from which the mine 
likely draws its water, occurs primarily in fractures and solution openings, which 
concentrate along these structural features (Huntoon, 1982). Surface waters are 
thought to migrate through these faults and fractures and discharge in the canyon at 
below-the-rim  springs (Energy Fuels Nuclear, Inc., 1985).
A second set o f ground water samples were collected from the well head of the 
Best W estern Squire Inn well in Tusayan which pum ps water from a depth o f 2900 ft 
(884 m) below the surface. No pumping rate data are available.
Rim surface waters were collected from  Clearwell Overflow which is located 
approximately 6970 ft (2125 m) above M SL and 0 .9  miles 1.5 kilometers) from  the 
south rim. This drainage area is the surface expression o f the Bright Angel Fault and 
is bounded on the east by railroad tracks and on the west by Rowe W ell Road. The 
wash collects runoff from  precipitation events and snowmelt, and water discharged 
from the GRCA Sewer Treatment Plant. The rim  surface site was chosen based on 
its proxim ity to the south rim; its relationship to Bright Angel Fault, which acts as a 
water "collection gallery" for Indian Garden Spring (M etzger, 1961); and its location 
as the outfall point for treated waste water.
CHAPTER 4
METHODS
Sampling
Sampling took place from  September 1992 through September 1993. Spring 
waters were sampled as close as possible to the point o f evolution from the ground. 
Ground waters were sampled at the well heads. Surface water samples were collected 
near the outfall pipe o f the GRCA Sewer Treatment Plant in Clearwell Overflow.
Samples for m ajor anion analysis were collected in chemically resistant 250-ml 
polyethylene screw-cap storage bottles. The bottles were initially rinsed on site with 
a portion of the sample. No special preservation was required. Samples were 
refrigerated at 4°C  (39°F) as soon as possible after collection. Between sampling, 
bottles were cleaned with a metal-free non-ionic detergent solution and rinsed with de­
ionized water.
Samples for the determ ination of trace elem ent concentrations were obtained 
using a 1-L or 250-ml acid-washed polyethelene o r Teflon screw-cap bottle as a 
bucket. The samples were immediately filtered through a clean 0.45-^m  membrane 
filter and poured into an acid-rinsed 1-L or 250-ml polyethelene or Teflon screw-cap
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bottle. Samples were preserved immediately by acidifying with 10 ml or 2.5 ml, 
respectively, of ultra pure nitric acid (H N 03). Clean polyethelene gloves were worn 
during sample collection and preservation; all equipment was rinsed and purged with 
1 L  o f de-ionized water and then rinsed again with 1 L of sample water between 
sampling sites in the field. Samples were refrigerated at 4 °C  (39°F) as soon as 
possible after collection. Between each field collection period, the glassware and 
plastic equipment were thoroughly cleaned with a metal-free non-ionic detergent 
solution, rinsed with tap water, soaked in a 50 percent Hcl bath for a m inimum  of 24 
hours, and then rinsed with deionized water. All reagents and rinse water used in this 
study were distilled and deionized using a Bamstead Nanopure® deionization system.
Samples for stable isotope analysis were collected in 125-ml clean, clear glass 
bottles with polyethylene-sealed lids. Bottles were filled to the shoulder allowing for 
head space. Preservation and refrigeration were unnecessary.
Analysis
A Dionex DX-300 Ion Chromatograph with a Dionex Conductivity Detector-II 
was used to analyze for the anions: fluoride, chloride, bromide, nitrate, phosphate and 
sulfate. U .S . Environmental Protection Agency (EPA) M ethod 300.0, "The 
Determ ination of Inorganic Anions in W ater by Ion Chrom atography," was followed 
when possible (Pfaff et al., 1991). Due to the remoteness of the field area and travel 
time involved, some samples were analyzed after the recommended 48 hour holding 
period. Anion concentrations are reported in parts per million (ppm).
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A Perkin Elmer Sciex Elan 5000 Inductively Coupled Plasma-M ass 
Spectrom eter (ICP-MS) was used for all trace element determinations. The samples 
were analyzed using procedures sim ilar to the U .S EPA M ethod 200.8 (Long and 
M artin, 1991). Mixed element standard solutions and single element standard 
solutions were used to calibrate the ICP-M S. National Institute for Standards and 
Technology’s (NIST) "Trace Elements in Water" Standard No. 1643B was used with 
dilution as a quality assurance/quality control check solution to verify the absolute 
concentrations of the elements where appropriate. Trace elem ent concentrations are 
reported in micrograms per liter (fj.g/L).
The oxygen isotope analyses were performed by the complete conversion o f 
water to carbon dioxide by the guanidine hydrochloride m ethod (Dugan et a l., 1985). 
The deuterium /hydrogen ratios were determined by the quantitative conversion of 
water to hydrogen gas using zinc as a reducing agent (Kendall and Coplen, 1985).
The hydrogen and carbon dioxide gases were then introduced directly into a mass 
spectrometer. All data are reported in the standard <5 notation with respect to SMOW . 
The reproducibility of the SD values are 1 %o, whereas the S180  values have a 
reproducibility of 0.2%o.
CHAPTER 5
RESULTS
Field Measurements
Field measurements were recorded at each site during sample collection.
These measurements included pH, T °C , alkalinity, EC , TDS, and DO. The data are 
listed in Table 2.
The pH values for spring and ground waters ranged from  6.0  to 8.5. The pH 
values for Clearwell Overflow range from  5.8 to 8.4. All spring waters are 
predominantly low temperature, ranging from  4 .5°C  (40 .1°F ) during the winter to 
24 .1°C  (75.4°F) in the summer. Ground water from  Canyon Mine was sampled once 
and measured 26 .2°C  (79.2°F), while Tusayan well ground waters averaged 20.7°C  
(69.3°F). The south rim waters are characterized by a large range in alkalinities 
(reported as m g/L  C aC 03) with spring and ground water values ranging from 140 to 
705 m g/L. These values are sim ilar to those reported in other studies (Metzger,
1961; Foust and Hoppe, 1985; Goings, 1985). Clearwell Overflow values ranged 
from 51 to 490 m g/L.
M easured EC values were highest at Clearwell Overflow and for springs
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issuing from below the Bright Angel Shale (217 to 1628 fxS/cm). This is consistent 
with the geology and stratigraphy of each spring site; as the water percolates 
downward, there is an increase in the mineral content of the water. Hawaii and Santa 
M aria springs reported the next highest values, ranging from 411 to 626 ^S/cm . 
Similarly high values are reported for TDS. Low er concentrations o f TDS were 
measured at higher elevation springs. Values for Dripping, Indian Garden, and Page 
springs, and the ground waters sampled vary from  165 to 266 m g/L. M easured DO 
values ranged from  a high of 23.6 m g/L  in Tusayan ground water to a low of 2.4 
m g/L  at Salt Spring.
Major Anions
The m ajor anion concentrations are reported in Table 3. Chloride values for 
ground waters ranged from  6.9 m g/L in Canyon Mine to 8.5 m g/L  in Tusayan. 
Springs discharging between the south rim  surface and the Muav form ation averaged 
15 m g/L, with values ranging from 9.9 m g/L  at Herm it Spring to 26.7 m g/L  at Santa 
M aria Spring. Sulfate concentrations varied from  8.8 m g/L at Dripping Spring to 
87.2 m g/L at Hawaii. Springs discharging from below the Bright Angel Shale 
(Monument, Salt, and Horn) were consistently higher in sulfate and chloride 
concentrations. Chloride, nitrate, and sulfate concentrations measured in Clearwell 
Overflow samples were the highest of all waters in the study area. Additionally,
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Clearwell Overflow waters m easured the highest levels o f fluoride, brom ide, and 
phosphate concentrations.
Field measurements and m ajor anion concentrations were included in the PC 
analysis and are discussed in the following section.
Principal Component Analysis
The results o f the trace element analysis for the south rim  spring, ground, and 
surface water samples are listed in Table 4. In all, a total o f 51 trace elements, 6 
field measurements, and 6 o f the m ajor anions were evaluated for all sites by a PC 
analysis. Principal components for each site were generated and graphed on the axes 
o f a two- or three-dimensional plot. Relative eigenvalues (percent variability 
identified by each component and that which remains after a component has been 
extracted) were calculated which indicate that the first three components in each PC 
analysis account for approximately 92 percent o f the variance in the total data set. 
Eighty-six percent o f the variance is captured in the first two components alone. 
Sufficient data are derived from  the first two components to warrant employing two 
dimensional plots for the m ajority o f the following discussion. Figures 5 to 15 show 
the two-dimensional plots o f P C I vs. PC2 for all sites from  September 1992 to 
September 1993. Three-dimensional plots o f P C I, PC2, and PC3 for all sites from 
September 1992 to September 1993 are presented in Appendices 1.1 to 1.11.
Both two- and three-dimensional plots illustrate that the springs group into 
distinct clusters. Clearwell Overflow generally plots apart from  the other sites; its
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distinct chemical signature likely due to treatment of the water at the Grand Canyon 
Sewer Treatm ent Plant as well as its origin from a north rim  spring.
Although located in separate side-canyons, M onum ent, H orn, and Salt springs 
issue from  the Tapeats Sandstone. These springs generally plot separate from other 
sites (Figures 6, 8, and 12 through 15). In  Figure 6, however, M onum ent plots 
closer to the Hermit-Hawaii grouping than to Salt Spring; geologically, M onument is 
nearer to H erm it and Hawaii springs than to Salt Spring. In  Figure 15, Salt Spring 
plots with Santa M aria Spring with good correlation between PC I and PC2.
H erm it and Hawaii springs generally form  a cluster when plotted (Figures 5,
6, and 9). In Figures 9, 10, and 11, Indian Garden Spring and Tusayan ground water 
group with H erm it and Hawaii springs. Canyon Mine plots closer to Indian Garden 
Spring and Tusayan ground water than to other sample waters (Figure 13 and Figure 
14). Page Spring plots between Indian Garden Spring and the Hermit-Hawaii springs 
cluster (Figures 5 and 6).
Santa M aria and Dripping springs each consistently plot separate from other 
sites (Figures 5 to 11, 13 and 15).
Rare Earth Elements
Shale-normalized REE concentrations and Nd/Yb ratios are reported in 
Table 5. The anomalously high values for Eu for all samples are explained by an 
isobaric interference caused by BaO +  which is formed in the plasma of the ICP-MS 
during chemical analysis (Jarvis et al., 1985). Eu typically shows a negative anomaly
28
in sea water samples and as the isobaric interference is corrected for, it is expected 
that this pattern will appear in these analyses.
The shale-normalized data are plotted in Figures 16 to 24. In all plots the 
spring and ground water samples have similar shale-normalized REE patterns that 
demonstrate depletion in the LREEs. The middle REEs (MREE) and HREEs form  a 
relatively flat line in all plots, yet there is still slight enrichment compared to the 
LREEs. Clearwell Overflow ’s varied REE pattern may be a reflection o f  its 
treatm ent at the GRCA Sewer Treatment Plant and the addition of precipitation runoff 
and snowmelt. The m ajority o f spring and ground waters plot as a group, while 
Clearwell Overflow plotted below and above this group throughout the sampling 
period.
Stable Isotopes
Spring, ground, and surface water samples were measured for their oxygen 
and hydrogen isotope ratios. The results o f isotopic analyses for all sites in the study 
area are shown in Table 6. South rim ground waters have <5D values o f -92 to -88 %o 
and <5180  values o f -12.1 to -11.7%o. Spring waters demonstrate a broader range of 
6D composition with -92 %o at Page Spring and -93 % o  at Indian Garden Spring to - 
86 %o measured at Santa M aria Spring. The <5180  values for spring waters range 
between -12.6 to -11.4%o. The relatively large variation in <5D could be the result of 
differences in elevation, tem perature, season o f collection, or origin. Clearwell 
Overflow waters has 5D values ranging from -96 to -92 %o and 5180  values ranging
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from  -13.2 to -1 2 .3 % o .  North rim  water sampled at the Indian Garden Pump Station 
has an average composition o f -13.5%o for S180  and -96 %o for 5D.
Plots o f the stable isotopic composition o f all samples from  each collection 
period are in Appendices II. 1 to 11.10. The available pairs o f stable isotope data for 
south rim  spring and ground waters, Clearwell Overflow, and north rim  water for 
September 1992 to September 1993 are plotted on Figure 25. There is a 5%0 
difference in <5D between north rim  water and south rim ground waters, and up to an 
11 %» difference in <5D between north rim  water and south rim  spring waters. The 
Clearwell Overflow water has lower <5D values than north rim  and local ground 
waters. Indian Garden Spring plots to the right o f the M W L and with the rim surface 
water values, but closer to the local ground waters than to the north rim  waters. 
Ground and spring waters plot as isotopically heavier than the south rim  surface 
waters and north rim  waters. North rim  water is isotopically m ore depleted than all 
other sample waters except for Clearwell Overflow (essentially north rim water) 
which plots as similarly depleted during the January and February 1993 sampling 
period.
The available pairs of isotopic data for north rim  water, and south rim  ground 
and spring waters, except for Indian Garden Spring, are plotted in Figure 26. The 
5 %o difference in 5D between the north rim  and local ground waters is distinct. The 
<5D signature difference between south rim spring and ground waters and the north 
rim water is even greater, ranging from 3 to over 11 %>. All south rim spring water 
compositions vary within a 7%o range for SD.
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M ost south rim  spring and ground waters plot to the right of the M W L and are 
m ore enriched isotopically than the north rim  water, which plots to the left o f the 
M W L and is isotopically depleted. The exception is Santa M aria Spring’s isotopic 
signature for February 1993, which is the most enriched o f all spring waters. This is 
likely the result o f phase change conditions associated with elevation, tem perature, 
and seasonal inter-storm variations.
In Figure 25, Indian Garden Spring plots between north rim  and south rim  
spring and ground waters suggestive of mixing o f these two isotopically distinct 
waters to form  the isotopic composition measured at Indian Garden. Clearwell 
Overflow waters also plot between Indian Garden Spring and north rim  waters.
Examination o f the isotopic ratios suggests variability throughout the year: the 
Indian Garden, Hawaii, and Dripping springs’ values rem ain relatively constant, while 
the M onument, Santa M aria, Horn, and Hermit springs’ signatures vary from  6%o 
to 2 %o  in 5D and between 1.3%o to 0.7%o in 5 '80 .  Salt and Page springs were 
sampled only once during the study, thus this trend is not evidenced in these waters. 
The south rim  ground waters, as well as the north rim  waters, maintained relatively 
constant isotopic compositions. Clearwell Overflow ’s isotopic signature fluctuated 
considerably with 5D and 5180  values changing as much as 8%o and 1.2%o, 
respectively.
CHAPTER 6
DISCUSSION
Principal Component Analysis
The sampled sites in the study area can be assigned into several groups based 
on PC analysis o f 63 hydrochemical variables. Examination o f two dimensional and 
three dimensional plots indicates that spring and ground waters tend to group together 
based on the location, elevation, and geologic setting from which these waters 
emerge. H erm it and Hawaii springs form a cluster demonstrating this conclusion.
The Redwall Aquifer is probably the source for these two springs; they are located in 
the same side-canyon (Herm it Canyon) and the elevation difference between discharge 
points is less than 500 ft (152 m). The active build-up of travertine deposits near 
these two sample sites provides additional support for these waters m oving through 
the Redwall Limestone.
Indian Garden Spring waters and Tusayan ground waters frequently form  a 
cluster. Indian Garden Spring is located below the rim within Bright Angel Canyon 
and the well in Tusayan is situated approximately 1.2 miles (2 kilometers) to the 
south of the rim , yet they both discharge at sim ilar elevations [3325 ft and 3590 ft
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(1014 m and 1094 m), respectively] and with their source likely being the Redwall 
Aquifer. That Tusayan plots apart from  Indian Garden Spring in some of the plots is 
suggestive o f different flow pathways and the possible addition o f Clearwell Overflow 
water to the Indian Garden Spring hydrologic system.
The Indian Garden-Tusayan cluster plots with the Hermit-Hawaii cluster in 
several o f the PC plots. Indian Garden Spring discharges from  the upper Muav 
limestone at approximately 3325 ft (1014 m) above M SL, while the Tusayan well 
pumps ground water from  a depth o f 3590 ft (1094 m) above MSL. It is 
hypothesized that the Redwall Limestone contains a local (and perhaps regional) 
aquifer that may be the source water for springs issuing from  the Redwall/M uav 
group (Energy Fuels Nuclear, Inc., 1985). This suggests that these waters are more 
alike than not, and especially when compared to the other springs in the study area 
that discharge from higher or lower elevations within the canyon. Similarly, Canyon 
M ine ground water tends to plot with the Indian Garden-Tusayan cluster. W hile this 
well is located much further away from the south rim [approximately 10 miles (16 
kilometers)] the Tusayan well, it pumps water from a depth o f 3390 ft (1033 m) 
above M SL, which is remarkably similar to the depth o f the Tusayn well and the 
point o f discharge for Indian Garden Spring.
Page Spring is located to the east o f all other below-the-rim  sample sites and 
proxim ate to the Canyon M ine W ell. It discharges from  the bottom of the Redwall 
Limestone at an elevation o f 3740 ft (1140 m) above M SL and its source also may be 
the Redwall Aquifer. Page Spring plots between Indian Garden Spring and the
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H erm it - Hawaii springs cluster which correlates with the similar lithic environment 
o f all four of these springs. Chemical differences between Page Spring and the other 
three springs could be attributable to different structural controls (flow pathways) and 
geographic location within the canyon, yet the grouping of all four springs is 
suggestive of a comm on source.
M onument, H orn, and Salt springs form  a cluster and plot away from  the 
other sample sites. They exhibit distinctly different hydrochemistries th m  the other 
spring and ground waters which is probably due to differences in elevation, geology, 
and flow pathways. They issue from the Tapeats Sandstone at approximately 2700 ft 
to 3000 ft (823 m  to 914 m) above MSL, and are situated between Indian Garden 
Spring to the east and Herm it Spring to the west. Goings’ (1985) hydrochemical 
findings correlate with the results in this study; these waters tend to be high in 
chloride and sulfate ions, which is associated with flow through the M uav Limestone 
and Bright Angel Shale formations.
Santa M aria and Dripping springs appear to have distinct chemistries compared 
to all other sample sites. Both are located at higher elevations in the canyon than 
other springs and thus, have shorter flow pathways. Santa Maria Spring issues from 
the upper Supai group approximately 1790 ft (546 m) below the rim  [4900 ft (1494 
m) above MSL] and Dripping Spring discharges from  the contact between the 
Coconino Sandstone and the Hermit Shale at approximately 1180 ft (360 m) below the 
rim [5510 ft (1680 m) above MSL]. They plot separately from the other sample sites 
and, further, plot apart from each other. Santa M aria Spring issues from  the upper
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m em ber o f the Supai Formation, which is comprised o f alternating siltstone and fine­
grained sandstone. W hile this unit is moderately-cemented and water does not move 
readily through it, M etzger (1961) suggests that the strata are fairly fractured and that 
Santa M aria Spring waters percolate downward in a structurally favorable area and 
discharge along the top of a relatively impermeable layer.
Dripping Springs discharges approximately 610 ft (186 m) higher in the 
canyon than Santa M aria Spring and at the contact between the Coconino Sandstone 
and the Herm it Shale. The Coconino is well above the water table and yet appears to 
be storing and transmitting small quantities o f water at this site. As with Santa M aria 
Spring, the geology, discharge rate, and the hydrochemical data suggest a different 
source and flow pathway compared to lower elevation springs. Recharge may be 
fairly rapid at this locality as well.
Clearwell Overflow consistently plots separate from  all other sample sites. 
W ater samples collected from  Clearwell Overflow possess a much different chemical 
composition than all other sample sites. This is directly attributable to the source and 
the treatment o f the waste water at the Grand Canyon Sewer Treatment Plant before 
discharge. This water originated from  a different hydrologic system (north rim spring 
water), was treated with a variety o f chemicals (Cl, P 0 4-P, N 0 3, etc.) before being 
discharged into Clearwell Overflow (Bright Angel Fault wash), and likely mixed 
(seasonally) with local precipitation runoff and snowmelt before infiltrating into the 
south rim  hydrologic system. If  M etzger’s (1961) hypothesis that the Bright Angel 
Fault acts as a "collection gallery" for recharge to Indian Garden Spring is plausible,
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a portion o f Clearwell Overflow discharge should be infiltrating and be detected in 
samples from  Indian Garden Spring water. This was not evidenced in the PC 
analyses and may be due to the high Cl concentrations measured in the Clearwell 
Overflow samples.
The high chloride concentrations seen consistently in Clearwell Overflow water 
samples are not reflected in the Indian Garden Spring samples. If, as M etzger (1961) 
hypothesized, the Bright Angel Fault serves as a conduit for recharge to Indian 
Garden Spring, then there should be higher chloride concentrations than reported at 
Indian G arden Spring. There are two possible explanations for the lower chloride 
values at Indian Garden Spring. Treated waste water has been discharging into 
Clearwell Overflow for the past five years (1989 - 1994). I f  this discharge water is 
recharging Indian Garden Spring, it must infiltrate through several hundred feet of 
alternating shale, clay, and siltstone units (Herm it Shale and the Supai formation).
The chloride ions may have been rem oved from  solution through the process of anion 
exchange (Zachara, et al., 1993) or membrane filtration (Hanshaw and Coplen,
1973). Chloride is a fairly conservative tracer in the hydrologic system, thus an 
increase in the chloride concentration of Indian Garden Spring waters, particularly in 
comparison to other south rim spring waters issuing from a similar elevation and 
geologic unit, would support the contention that Clearwell Overflow water is 
recharging the Bright Angel Fault system. That this investigation did not provide 
such evidence does not rule out M etzger’s hypothesis. Future anion analysis of may 
yet reveal increased levels of chloride concentrations over time in Indian Garden
Spring waters.
In most of the PC analyses o f the sample sites, the groupings correlated with 
the known stratigraphic, structural, and geographic param eters. Further analysis of 
additional canyon samples may provide more insight into the relative flow paths of 
ground waters to the springs.
Rare Earth Elements
Examination o f the shale-normalized REEs plots for sample sites reveal that 
south rim  spring and ground waters group together and tend to be depleted in the 
LREEs and enriched in the HREEs. Clearwell Overflow presents a slightly varied 
R EE pattern, plotting below and above the other spring and ground waters (Figures 
17 and 18, and Figure 20, respectively). In Figure 16, its profile tracks similarly 
with the other waters plotted. The REE pattern for Clearwell Overflow may reflect 
the fact that it is a combination of sewage effluent and south rim  precipitation runoff 
and snowmelt. Clearwell water samples were oxic and demonstrated high phosphate 
concentrations. The stability constants o f formation for REE phosphate complexes do 
vary greatly as a function o f atomic number. Phosphate may lead to large 
fractionation o f the REEs; however, there appears to be little REE fractionation due 
to preferential phosphate complex formation in REE profiles for Clearwell Overflow.
The enrichment o f the HREEs for the spring waters may be accounted for by 
preferential formation o f carbonate complexes as the waters move through carbonate 
rock layers (strata within the study site are predominantly limestone). Carbonate
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complexes are sufficiently stable in typical ground waters to significantly affect REE 
transport (W ood, 1990). Stability constants for the formation o f REE carbonate 
complexes increase with atomic num ber, leading to more HREEs in solution 
(Johannesson and Lyons, 1994). This would seem to be occurring in the south rim 
hydrologic system.
In addition, the depletion o f LREES may be due to the precipitation o f Fe-Mn 
oxyhydroxide particles formed when suboxic waters emerge from  rocks and quickly 
become oxygenated. The LREEs preferentially adsorb onto Fe-M n oxyhydroxides 
over the HREEs (Smedley, 1991).
Norm alized Nd/Yb (LREE-to-HREE) ratios have historically been employed to 
evaluate the behavior o f REEs in geologic systems, and similar ratios are used to 
evaluate sample waters in this study (W ood, 1990; Bryne et a l . , 1991). A ratio of 
one of less is indicative o f enrichment in the HREEs over the LREEs. The Nd/Yb 
ratios reported in Table 5 indicate that all shale-normalized values for LREEs are 
depleted when compared to the MREEs and HREEs. M onument Spring appears to be 
an exception to this general trend with a ratio o f 2 .7 . This is possibly attributable to 
complexation o f the LREEs with some mineral constituents com m on to the lower 
stratigraphic units.
Stable Isotopes
The range o f the isotopic data overall is relatively small, but the isotopic 
difference between north rim water and all south rim  spring and ground waters is
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large enough (from 5 to 11 % o in SD) that these waters from  different sources can be 
traced. South rim ground waters, though located from  as far apart as 9 miles (15 
kilom eters), are isotopically identical. Their isotopic signatures indicate a relatively 
enriched composition compared to m ore depleted north rim  water samples (from the 
Transcanyon Pipeline). The different signatures between north rim  water and south 
rim  water can be explained by tem perature, altitude, and amount effects during 
condensation. The north rim  is about 1000 ft (3048 m) higher than the south rim  and 
thus, temperatures are lower year round. Seasonal storms o f greater intensity and 
duration occur m ore frequently at the north rim than at the south rim . Evaporation 
and snowpack ablation rates are considerably higher on the south rim  due to higher 
temperatures in the summer as well as the winter. All these factors will influence the 
isotopic composition o f precipitation and snow, and infiltrating water on both rims.
North rim  precipitation, and thus ground and spring waters, should generally 
exhibit a m ore depleted signature than south rim  waters because o f temperature, 
amount, and altitude effects. This appears to be true for the m easured isotopic ratios 
o f north and south rim  waters in this study. That south rim  ground waters plot just to 
the right o f the M W L suggests a couple o f possible scenarios: 1) that secondary 
fractionation (evaporation) occurs prior to infiltration; and or 2) that these waters are 
ancient and or were recharged under a different hydrologic regime.
Clearwell Overflow waters plot between north rim  water and local ground 
waters suggesting a mixing of: (1) discharged treated waste water (originally north 
rim  spring water); (2) of local precipitation and snowmelt runoff, which would be
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more enriched isotopically than north rim precipitation and snow; and (3) o f a 
recharge of summ er rain water. Surface waters are susceptible to secondary 
fractionation (evaporation) prior to infiltration and as such will be depleted in the 
lighter isotopes. Clearwell Overflow waters probably undergo some evaporation 
before infiltration. This mixing of waters o f different isotopic compositions (south 
rim  precipitation and snowmelt and north rim  water) probably contributes to Clearwell 
Overflow ’s unique isotopic signature.
The data also suggest some seasonal variation in the isotopic composition of 
select spring waters. Some o f this variability can be attributed to sampling error as 
several sites express themselves more as seeps rather than as springs, and thus 
evaporation could have occurred prior to and or during sample collection. However, 
a longer period o f sampling and analysis is necessary to confirm seasonal variation.
The sampled springs, with the exception of Indian Garden Spring, plot 
generally together and on or just to the right o f the M W L. This is suggestive of a 
common source and slight evaporation prior to infiltration. Spring waters also group 
with local ground waters suggesting a similar recharge and or ground water source.
PC analysis indicated that Santa M aria and Dripping springs have much different 
chemistries than the other springs. However, Santa M aria and Dripping springs plot 
with the other spring and ground waters (Figures 25 and 26). This is likely due in 
part to enrichment prior to and or during sample collection. Santa M aria Spring is a 
collection of seeps extending 30 to 40 ft across the face of an outcropping in the 
Supai Formation; spring waters flow over the surface o f the rocks experiencing
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secondary fractionation and thus enrichment prior to sampling. Santa M aria Spring’s 
isotopic signature could also reflect isotopic fluctuations in precipitation and 
subsequent recharge, as M etzger (1961) hypothesized that recharge is fairly rapid in 
this structurally favorable area and thus Santa M aria Spring’s isotopic signature could 
reflect the local south rim precipitation isotopic signature.
If, as hypothesized, these two springs are receiving recharge from  local 
precipitation via matrix and fracture flow, this may indicate that the south rim ground 
waters are recharged in a similar m anner. Indian Garden Spring plots with Clearwell 
Overflow just below this group o f south rim spring and ground waters, and above the 
north rim  water. It would appear that Indian Garden Springs’s isotopic composition is 
the result o f a mixing o f north and south rim  waters. This is probable if  north rim 
water, as Clearwell Overflow discharge, infiltrated along the Bright Angel Fault, and 
mixed with the local ground water feeding Indian Garden Spring.
This m ixing scenario has been investigated in previous studies. Ingraham et 
a l., (1990) investigated the stable isotopic composition o f precipitation and spring 
discharge in southern Nevada and established a fairly direct isotopic and hydrologic 
correlation between precipitation and spring waters. These investigators concluded 
that water o f intense precipitation events with distinct isotopic compositions may alter 
spring discharge if infiltration and movement through the hydrologic system is 
relatively rapid.
In another hydrogeologic investigation on the south rim , Goings (1985) 
examined spring flow and precipitation and found this same correlation. The lag
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period between recharge at the south run and discharge at below-the-rim springs was 
between one and two months and thus, Goings concluded that the system responds 
fairly rapidly to inputs at the surface as reflected by these delayed pulses at the 
springs.
The Grand Canyon Sewer Treatment Plant has been discharging substantial 
volumes of waste water since 1989 along Clearwell Overflow. Given the permeable 
nature o f the Kaibab Limestone and the proxim ity o f the Bright Angel Fault to this 
discharge area, it is probable that some amount o f the waste water (originally north 
rim  water) has infiltrated into the south rim hydrologic system. It is also probable 
that water molecules with these particular isotopic signatures could travel the less- 
than-one mile distance from  Clearwell Overflow to Indian Garden Spring within a five 
year period, particularly if  Goings (1985) and M etzger (1961) are correct regarding 
the influence of structural controls and rapid recharge rates.
The discrepancy in m easured chloride concentrations between Clearwell 
Overflow waters and Indian Garden Spring water presents significant contradictory 
evidence for this recharging-m ixing relationship hypothesis. Additionally, this 
relationship is supported neither by the PC analysis o f field measurements, major 
anion concentrations, and selected trace element concentrations nor by the REE 
profiling. Further sampling and analysis o f these two water sources may resolve this 
contradiction.
CHAPTER 7
CONCLUSIONS
The purpose o f this study was to assess the potential to use water chemistry 
parameters to define ground water flow pathways at the south rim  of GRCA. South 
rim spring and ground waters, treated waste water discharged along the south rim, 
and north rim  water were sampled over a 13 month period. The results of a PC 
analysis o f trace elements and m ajor anions, examination of shale-normalized REE 
profiles, and plots o f measured stable isotope compositions suggest that south rim 
spring and ground water hydrochemistries are remarkably similar and can be grouped 
by lithologic environm ent, structural controls, and geographic location. Clearwell 
Overflow waste water (north rim water isotopically distinct from  south rim  spring and 
ground waters) may be recharging the south rim  hydrogeologic system through Bright 
Angel Fault. Indian Garden Spring’s isotopic signature reflects a m ixing o f local 
ground water and Clearwell Overflow waste water. M easured chloride concentrations 
from Indian Garden Spring and Clearwell Overflow do not support the recharge- 
mixing relationship suggested by the isotopic data. Further analysis o f anion 
concentrations may resolve this discrepancy. Conclusions drawn from  this 
preliminary assessment indicate that these tools can provide valuable information to 
increase understanding o f the ground water flow systematics o f the south rim.
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Figure 16 Plot o f  shale normalized REE values vs. atomic num ber for
September 1992.
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F igure  17 Plot o f  shale normalized R EE values vs. atomic num ber for O ctober 1992.
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Figure 18 Plot o f  shale normalized REE values vs. atomic num ber for November 1992.
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Figure 19 Plot o f  shale normalized REE values vs. atomic num ber for D ecem ber 1992.
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Figure 20 Plot o f  shale normalized REE values vs. atomic number for January 1993 and
M arch 1993.
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Figure 21 Plot of shale normalized REE values vs. atomic num ber for April 1993.
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Figure 23 Plot o f  shale normalized REE values vs. atomic number for June 1993,
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Figure 24 Plot o f  shale normalized REE values vs. atomic num ber for September
1993.
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Table 1 D ischarge data for Grand Canyon Sewer Treatm ent Plant into Clearwell 
Overflow for September 1992 through Septem ber 1993.
Date Discharge 
(in millions of gallons)
SEP92 11.2562
OCT92 10.5536
NOV92 n/a
DEC92 9.5809
JAN93 9.2794
FEB93 8.6403
MAR93 10.6331
APR93 11.9967
MAY93 12.6761
JUN93 12.2923
JUL93 9.5478
AUG93 4.2947
SEP93 9.4069
Note: The plant has been operating since 1989.
Source: Grand Canyon Sewer Treatm ent Plant Operations, Grand Canyon, AZ.
T ab le  2 Field m e a su re m e n ts  for all sam ples.
Total Dissolved
Tem perature Alkalinity Conductance Solids
Site pH t°C) ( m g /L ) (>*S/cm) (m g /I )
C!earv.ell/SEP92 7.40 17.3 51.25 880 430.0
Sta Maria/SEP92 ru 16.9 342.20 433 216.0
Hawaii/SEP92 S.34 18.3 231.8)) 4SS 244.0
Monument,SEP92 7.42 20.9 217.50 751 374.0
Hcrrnit/SEP92 8.56 20.0 223.50 447 223.0
Page/SEP92 ru 17.0 na 349 165.8
lndian/SEP92 7.56 19.0 165.00 410 200.0
C!earuell/OCT92 7.54 15.0 98.00 957 478.0
Dripping/OCT92 8.12 20.4 191.00 328 161.7
S u  Maria/OCT92 7.31 20.6 342.20 470 235.0
Tiisayan/OCT92 7.50 23.7 243.60 437 225.0
lndian/OCT92 7.84 18.5 337.20 417 208.0
Monument/NOV92 6.95 18.5 221.60 610 300.0
Drippmg/NOV92 7.68 16.4 177.20 330 168.1
Haw.oii/NOV92 8.20 16.4 236.40 310 180.0
CIearwcll/NOV92 8.44 8.1 188.00 960 470.0
lndian/NOV92 8.25 11.1 310.80 413 219.0
S u  Maria/NOV92 8.70 14.6 369.20 470 240.0
Tusayan/DEC92 7.48 12.7 na 420 210.0
Cleapvell/DEC92 8.17 4.5 ru 701 350.5
Sia Maria/DEC92 6.44 4.6 oa 410 205.0
Hennii/DEC92 8.55 10.8 na 460 230.0
Mavkaii/DEC92 7.97 16.8 na 470 235.0
Munumcot/DEC92 7.60 16.2 na 815 407.5
lndian/DEC92 8.17 18.1 na 415 207.5
Cleap*ell/JAN93 7.00 5.0 100.00 735 376.5
Tuxayan/.JAN93 7.00 23.0 332.00 405 202.5
Indian; FED93 7.00 17.9 140.00 490 240.0
Sta Maria/FEB93 7.50 8.1 200.00 500 240.0
Hennit/FEB93 8.00 9.6 150.00 350 240.0
Dripping/FEB93 7.00 8.1 525.00 350 170.0
C!ean«ll/FEB93 7.00 6.4 240.00 670 340.0
lndian/MAR93 7.20 17.8 335.00 540 266.0
Clea/v.tll/MAR93 6.80 10.7 450.00 1060 536.0
Tusayan/MAR93 7.00 18.5 310.00 460 220.0
Drippmg/APR93 7.00 14.0 na 370 1W.0
S u  Maria/APR93 7.50 12.5 na -M3 273.0
Ha<*aii/APR93 8.00 16.9 na 626 313.0
Hermit/APR93 7.50 17.6 na 440 229.0
Monument/APR93 7.20 15.8 na 1628 829.0
Hora/APR93 6.00 16.5 na 1040 528.0
Indian/APR93 6.50 17.0 na 475 237.0
Tusayan/APR93 7.00 22.6 na 430 220.0
Clearwell/APR93 7.00 18.0 na 910 450.0
Canyon/MAYW 7.00 26.2 245.00 420 210.0
Tusayan/MAY93 7.00 23.9 235.00 440 220.0
lndian/MAY93 7.00 18.2 450.00 450 230.0
Hom/JUN93 7.00 24.1 270.00 1006 502.0
lndian/JUN93 7.00 18.0 200.00 461 230.0
Mooumeot/JL’L93 8.20 33.0 224.00 672 336.0
Hermit/JUL93 8.00 19.0 390.00 449 224.5
Mooument/)UL93 8.00 19.5 705.00 1310 655.0
Su M aria/Jt'L93 8.50 16.0 210.00 527 263.5
lndian/JUL93 7.00 19.5 655.00 448 224.0
CIear*ell/AUG93 6.80 22.0 490.00 810 400.0
lndian/AUG93 6.70 19.3 235.00 480 220.0
Dripping/SEP93 7.00 17.5 505.00 320 177.7
S u  Maria/SEP93 6.70 20.6 510.00 480 240.0
Hauaii/SEP93 7.00 19.2 360.00 523 266.0
Hcnnit/SEP93 7.00 17.5 680.00 449 224.0
Mormment/SEP93 6.80 17.0 240.00 1202 6CU.0
Salt/SEP93 6.50 11.0 605.00 13S0 693.0
Hom/SEP93 7.00 24.0 na 1130 568.0
lndian/SEP93 6.50 18.6 325.00 450 220.0
Cleaxv.eU/SEP93 5.80 21.0 405.00 1013 522.0
Dissolved
Oxygen
(nig-'l)
9 6
15.0 
19 6
9.6
15.0 
ru
13.:
16.6
17.4
22.0
33.6
24.0
22.0
27.0 
ru
03
2 2 .2
31.0 
on 
oa 
ru 
ru 
ru 
ru 
ru
8.8
6.4
6.4
1 1 . 1
11.4 
ru
03
13.0 
ru
14.0
8.6 
9.8
12.9 
U .9
7.3
7.1
10.9
8.7 
ru
10.4 
ru
6.2
6.9
6.4
7.8
12.4
6.8
6.9
13.9 
1 2 . 1  
8.7 
ru 
ru 
ru
13.1
5.3
2.4 
ru
10.2 
03
75
Table  3 M a jo r  an ion  (ppm)  concentra t ions  for all sa m p le  sites.
Site Fluoride Chloride Bromide N 03 H P 0 4 -P Sulfate
Mermil/SEP92 0.343 11.064 0 4.668 0 26.590
Hawaii/S FP92 0.298 11.565 0.862 5.328 0 30.326
Monumeni/SEP92 0.172 103.468 0.415 8.162 0 65.657
Clcarwell/SEP92 0 115.653 0 163.108 6.172 24.856
Indian/SEP92 0.198 10.243 0.119 3.265 0 16.016
Pagc/SEP92 0.281 18.114 0.135 6.072 0 34.085
Tusayan/OCT92 0 8.904 0.185 5.403 0 12.077
Indian/OCT92 0 11.788 0.221 3.854 0 14.518
C lcanvell/0C T92 0 127.082 0 155.760 2.075 24.955
Sta M aria/OCT92 0.529 23.995 0.300 5.122 0 12.077
Dripping/OCT92 0.391 12.063 0.232 6.270 0 11.399
Sta M aria/NOV92 0.424 22.758 0.338 3.894 0 21.288
Dripping/NOV92 0.306 11.867 0.272 5.293 0 9.669
Hawaii/NOV92 0.204 12.320 0.236 2.345 0 34.156
M onument/NOV92 0.227 100.405 0.463 7.968 0 78.415
Clcarwell/NOV92 0 119.430 0 136.202 1.703 21.531
Indian/NOV92 0.175 10.994 0.172 3.111 0 15.979
Hawaii/DEC92 0.225 12.169 0.262 2.653 0 30.643
Clearwell/DEC92 0.102 77.945 0.220 50.257 6.052 12.292
Indian/D EC92 0.203 11.296 0.283 2.776 0 14.747
Sta M aria/DEC92 0.456 22.304 0 .380 5.460 0 18.773
Tusayan/DEC92 0.175 8.501 0.254 4.563 0 12.205
Herm it/D  EC 92 0.196 9.972 0.256 2.812 0 12.670
M onunenl/D E C 92 0.261 98.268 0.471 8.492 0 74.893
Clcarwell/JAN93 0 117.105 0 92.268 4.740 19.255
Tusayan/JAN93 0.236 9.016 0.184 4.114 0 12.806
Indian/FEB93 0 14.588 0.237 3.401 0 45.616
Sta M aria/FEB93 0.440 23.339 0.299 4.866 0 28.078
tlcrm it/FEB93 0.263 16.951 0.190 2.979 0 33.764
Dripping/FEB93 0.305 12.466 0.252 5.922 0 8.871
Clearwell/FEB93 0 67.975 0 33.484 1.424 17.018
Dripping/M AR93 0.334 11.661 0.180 5.482 0 0
Clcarwcll/M AR93 0 180.348 0 147.602 1.816 34.364
Indian/M  AR93 0.169 14.994 0.155 3.819 0 9.825
Tusayan/M AR93 0.137 8.432 0.086 4.862 0 12.336
Indian/APR93 0.157 13.345 0.163 2.970 0 36.459
Tusayan/APR93 0 .138 8.619 0.113 1.012 0 36.459
Clcarwell/APR93 0 141.624 0 167.750 4.464 21.398
Dripping/APR93 0.264 12.196 0.193 5.575 0 12.907
SU M aria/APR93 0.447 26.780 0.286 4.796 0 28.280
Hawaii/APR93 0.249 21.181 0.178 0 0 87.258
Hcnnit/APR93 0.173 12.344 0.126 2.680 0 16.269
M onument/APR93 0.762 147.930 0.570 5.874 0 449.760
Morn/APR93 0.317 36.512 0.243 5.368 0 286.410
Canyon M ine/MAY93 0.322 6.973 0.174 0.845 0 19.306
Tusayan/M AY93 0.168 8.506 0.181 4.554 0 14.600
Indian/MAY93 0.192 12.962 0.228 3.018 0 30.332
O '
NO
( 2
r -U~l
■o
a
■<3
>
Of)
>
<
D
w
■or
G
CO
VO
tT
•o
s
2
*o
c
c
\\
Q Tf
2
U
I) Cm
o
2
£
<Sl O^T
JD O
l x U
B
cd
co
1 5 O '
u~
o
r r
C m J3
3
CO O '
a oo
o >-
u .
C
0 )
o
c
o »^ eTj-
o o
CO
c
<u
E
JD
(U
d)
ocdCm
E—
X 3 ucd coE-
m n i ' i T f i ' i n i m m N N M f ' I r ' i m t ' i
p o o p p p p p p p p p o p o  
u e j u o u u u u u u e l t u u u u u
oo O' 0 » h H O C i t ,- ' ^ N ^ ® H 0 " 1 o —< r - 4 / - > r - r - r f o o ^ H O ' - H —< - * f T f r e n
r i  wi o  *- «  o> pi »3  n  h  -  h
3 r e ' r r f ' » f T t r f T f f T ' * f f T r r r T r T f T t T f T f T t T f T f T r T r T f T r T f T  O O O O O O O O O O O O O O O O O O O O O O -  -  " 76
4 0  Q  4© e© fT oo
>o Nf <o o> w  oo n
« r~- c\  oo m Tf o
o o o o o o o o o o o
H IN n
o  m o  o
o  o  o  o
cT*- >*Mr e « - ~<r e 4n»Mr e «*
o o o o o o o o o o o
i s h  m  co >o oo
r e c r r e t T r e r e f T r e r e - H f T r e r e r e r e f T r e f T f T f T f T f T f T C T f T ^ i o r f r f T r T f
o o o o o o o o o o o o o o o o o o o o p p o p o p p p p p p
1 -• A. A A A A A. A A A .*. A A A. A A A. A. A. g  O O U O l» O O O “  *•
4 0 —< f - 4 0 0 f T O ' O p( S N o o m o i ( o ( S > - i r - r e ' 0 ' © o o o o © r T ' ©  f T © r " c T O v o r e o © ' 0 ' r * o o - < 4 o r e r e o o © '  
r . ^ f ' O f r r - o o O ' O '  —
' 0 - H 4 0 ' 0 ' 0 * - * f T t T ' 0 r T r *
o  cn '_ r - » ^ H i / - > ^ < T a o 4 0 o o
N i f l N ' f l O ' N ' O O ^ ' O m i ;  
N h N N ’ i f l N O O N O O O ' W N
3 3 S 3
U U U V
r- <N C> T oo tt r-
V ' f ' o m ' 0 ' 0 m 0 ' ' 0  
O ' l f l ' H r f  I f l ' d o ' v -
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
N M r t P N M N N N m M N m N f l N N N N m r » N N N N N
N  o  ^  m <0
r-  n  o  o  r- 
co o  o  *o o
U U U U O U O U U U U -  _ _
o r o r > > < N c o \ o » o f ^ “H r ^ O ' N O ‘0 ‘o  
f S ' O o o f n * o « n o \ < N O v ' o r » « o c ^ > - - 
O ' ' 0 ' 0 ' 0 c s o r o c > r - o o o c o
t o o o o v ^ - N T N o o o r - N O f s r ^ o r r
c o ^ H t f i ' O T f - ' O ' o m ' O c o t o
p ' O o o o c ^ ,? f n t - * * - * ^ r c A o o o \  —
« - H o o * - « c T f T f T o o c T f T 4 o r e r T ( T m (s -*
ce re 
re re’ re <r
m n  n  m — ©  o  © 
u o o 
O *© NT 40 
r* re rf o
V IO CO n
o  in <o* o
N m n c o r i N c o N N r T r e r e r e r e f T r e f T f T f T f T f T f T t T r r
o o o o o o o o o o o o o o o o o o o o  o  o  o 3 3  3 3 3  3
r e o r e c ' r f ' o r e O ' r e f T C ' . M ' O r r o o C ' —* ' 0 < T t T 4 n o o o « - « f T o o 4 n O ' © f T 4 / - )  
o o C N o o i A i r i o ^ m o o r i n r j O m  — ■ v o r ' C o o o ' 0 ' O O o o o \ 0 ' r ' ' O T r
«r re r - 4 0 4 o r f © ' o o f T 4 0 0 ' r » © ' - " , © © 0 ' r - o o o o 4 / - ) ' M « M ' © f T f T r ' »  
« 0 o * fi t s' c r t ^ 0 0 ' O o i > “ v i O ' P ,- « c ,' c ^ h m c < N H i f l M « c f i f 4 O 0 « h N ' O , t
re
o
re
p
re
o
re re 
p  p
re
p
or
o
re
p
re
p p
re
o
re
p
n
O
re
o
re
p
re
O
re
p
re
O
re
o
fT
O
re
p
fT
o
fT
o
re
o
fT
O
fT
O
40
O
fT
O
fT
O
fT
O
fT
O
fT
O o
fT
O 3
fT
O
re
p o
fT
o
re
o O
u
re CO
u
o
u u
3  °
u
O
u
»o o
u u u u
O'
u u
IT
u
re
u
O'
u
O' o
u
o
U
OO
u
o S
u
40
00
u
NO re
u
r-
u
O'
U
fT O' M fT 40 re 40 Tf 40 o 40 C4o
rf
3
re
r»
re
Y  Nf 
rr  <rj
00
O
p»
O'
O'
40
o»
r-‘
cn 3
re’
p
oo
00
40
r~* r*
fT
40 o
r»*
40
NO
o
re re
r»
OO
C \
o ’
o
rf
rf
rf
r~
fT
40
fT
p
fT
fT 00
rf
p
fT
p
r*-l
40 re
re
o o
OO
r*
40
oo r*
cn m w w N N co N «  fl n  rl fi m 
o o o o o o o o o o o o o o o
co m  m co co co
— o o o o o 3 S S 3 3 3 3 3 3 3 3 3 3 S 3
CHw->w‘> r -* v O' * * c o » n  
co o  o  *o —-  UN N  O  oc N  N
<o re 4r> r-’ ~' ri «
rf Wi f-~- 4©
C ' 0 4 / - ) v O f T r e © r e 4 / - > ~ * < T O ' 4 o r - 4 o o » o o r - f T  o  c*-. r r r * o o « - « © 4 0 r r r e O ' o r ' - - r « - ‘ r e o o f T < o 4 0  40 4 0 ' o  < s » <% C ' r * ' 0 ' o « - ' t ~ ' ' 0 5 0 0 ' m o ' ^ T C s O ' c s o c N 3 o r » r ~
M CO O  CO «  f l  »f M t O t O C S N f S O O C C '
rc ^  c> o  o
r f  r» re t r  o<
•r vo tr  'O n
•- -t -- r i  cs »  cl f!
p( co co oc r l  oi  co re re re re re fT re re re re re t r  re <r t r  re re fT re rr re t r  t r  re re »< t r — re re <*<O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O
r* 7  o  ' o  o  n  oi 
( O H r f O o O t c O C O f S  
oo O cr rf  cc oo
oo rf 
0 0  rf 
On
n  o ’ o ’ co ri
t" VO rf T  O O
Ol ifl to O
r - o O N O O T j - m o o o r - o
o  O' r* on 
re’ —« «o
o \  o  re r*
3  io >o o  >o «i co 
h  h  r i  «  «< r* —• -cf
o  o  »  o  \ o  o  o
O' C> ~  -  ol to M
•— O fT »© 
wo r  oi wi 
—I <M rf rf
o ’ —1 —1 —<
re fT rr re r» re cr re re re re re n  fT n  oi n  cn n  to n  co to co n  in
O O O O O O O O O O O O O O O O p O O O O O O O O O
O U U U U U U U O O H < J 4 I < I U < J U U U U U U U O U U
T T ' o o o o ' d c ' - t c ^ r "
—■ on —« © re **- —
rf co o  *f oo
t r  ©  r* 40 
O  f  I uO h  'T
cr © r i  t -  cr o  o  o  o  c- o
© © 4T r-
<o o  fr © o
io n  r i  co re —« co —■ —• -H oo
40 OO 
oo Vi O  —1 O' —■ 
re no r-’ oo"
o o o o o
re o  r-  oo — ©
* -  re O' oo fT On re
rf fT O O © 40 —■
fT r* no or
O  O O
t r  re re re re t r  re re re re re re re re re re n  r t  n  n  n  M N n  tfi t  
o o o o o o o o o o o o o o o o o o o o o o o o o o
CO CO) CO er t r  fT t r  cr re re rr  re re
o o o o o o o o o o o o o
40 re -m © re ~ ' 4 0 4 / - ) 4 0 © r e r e t T o o © o o r e o  m o o c c r e —< o , r ~ r ' ’» r c 7 ' O C N f o o \ o o o ' o o '  
r e ' O f r © r e ^ r - * ' - * r e c e c - ' © 4 T r e © o o c T t - *
o o o o o o o o  
© —■ re o> c\  r* o
o  t  r- ^  no
t r  o o  <-h r» m oo *0
O  oo 0*0 o  -h cn o
O —• no vo Ov vO *ri
o  *- to r i  r i  O' n  re co re «  re -h re
0*^ OO O' f*l
o  re —
*o r- ci  o  
r» r» O «<*«
o^ i o  or re
O O O O O O O O O O O O O O O O O O O O O O O o o o  3 O O O O O O O O O O O O O O
o o ' e n o c n - H ^ r o o
C O « C O O O V ' * t O O '
a o M ^ O ' O c o o o * *  
re r i  re h  c*i co r i  to
^  CO O'  w  oo CT|
(O -  O'  VI ->
NO r r  o  —• o
c o r e r e c o ’f c o t i o i ' t
re cn 
o  oo _ 
o 6 m o o t >* ' o r e o o  
irj i/i -h irl iri
r* c» o  w*i oo
h  uo t  oo r -  c> o
© © o  o  o  •-«
© o o o o o  + + + + + +
© O O O O O ©  
O O O  O O O O
10 00 10 (0 o  oo r f  o
OO —« VO rf
*f + +
r~~ c  iO oo 
o  v© o  oo  
r- to r* o
•o 0 \ v© 
cm oo — 
oo cv
w  N  ci n  o« m
o o o o o o o o o o  o o o o o o o o o o  
+  +  +  +  +  +  +  +  +  4*
it it it it ai it U O o u
(S VI oo
rf Oi O
«0 rf rf
VI Cl (S pi pi (*i <o pi m ^
Ok «  OO H rt  «
r* ' o o\ vo p- o(S O rf M M V|
I !  9 ?  9
3 a 3 £ £
© o o o o o  o  o  o  o  o  o
cv ov to 
oo —< m 
o  —•
77
o
©
o
O'
©
u
oo
+
u
o
oo
Cl 00 Cl rf
00 © ? r»
VO r-" vd VC
8 § o o S o o o o o o  *f + + 4- + + + + + -f + + 4- + +
U U U O U U O U U O U U U I l t t
h  O' OO 95 PI «  >0 © CM Ov ©
^ r ^ i o - H  — c M c s o v v o v
i r i M O M i r i r f i C i P ' r i k O ^
Ifi v| «  N 4 f '  4  rf’ rn rf ci o’ in" to
O  O  O  o  o  o  o o o o o o o o o  
+  +  +  +  +  +  +  +  +  
U U U U U U U U O O i i U  
o o o o o r f o o o o r ^ p ^ r f w ©  
rfC-CM<-«VOCI«OrlaOCI<£CM « n c M * n c M ' 0 « n o o p ' ' O v o o c M  
c i m r f c i i r t f o m v i p h
cv cv to co cv v
o o o o o ©  
u <!> u o o u
o  cm v© r* oo o
CM m vo r-  ov rf
>0 h  o  O' rf M
t-; cd «  so
©  ©  o  o
vo o  ci oo r»
rf w  cv ov ci
P  Cl VI Ol
N OO (s rf
3 5 51
c* r- ci  —<
8  ©  ©  + + +
* . - H ^ H « . - < - H d * - < < - i O O O O O O O O O —< © 0 © 0 0 0 0 © 0 0 * - < 0 0 - ^  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  + 4-4* + 4- + + + 4- + + + + 4- + + ++ + + + + + + + + + + 4* + + + + + + + + +
(N h  O  -T rr  Cl -r
CM CM vo VO OO r* -H
© OO -T v© VO OO rf
v© O O rf Ov 2 s Cl VI f '  Pi N  rf O vo —< O oo
O i _ M r f C M f l ( S N ' H r f p ) C l - < H f M O < N ' O V i r r V i r h
O O r f P l > O r f o o v i o r ' r r
m r f p O O o o O i O o o r f r f o o
r f C l o O P ' - r O O l O O O - r C i r t -
o i r i ' d c i ' O  V O O v i f c i - r
o c v c v c v r i c i c v c i c i c i o r i c i c v c v c v c i c v c io o o o o o o o o o o o o o o  o  o SC i r t C i V i r f r f C i r f r f V r f m n c i C i v i f C io o o o o o o o o o o o o o o o o o
Ov CM o  VO VO o  CM CM CM 00 o  cv ci cv
OO rf t-» CV 00 — r f O V i  — d  Ov © «/VCV — p i C i O V i C i C i P C i V i O i r r C i
r * o » c v o < N ' v r * o
CO Cl P  Cl ™ rf »  rf «
O©tfr*vOrfv0CV00 00
p  O  oo ci  r t  ci O' ci Ci -  ci
O C l W V O ' O O O ' O C V C I  — —•
■rf w »o ci ci ci O oo cm o cv
Q
2
Cl Cl Cl Cl N  M
O O O O O o
n  m ci ci 
o  o  o  o 3 3 3 3 3 3 S 3 V| V| VI V|  VO V| Vl V| Vl Ifl V| O O O O O O O O O O O 3 3 S 3 3
oo co r-
oo io oo 
ci co vi O rf
»* «©’ r-’ — r-
Cl V| C\ o  h  o  CM>-• n  n  i— i-i vi
Cl vi ci O' rf iO O'
c*1 vo p» © CM V» O
Cl Ifl O  VI O' IO Ci
© © cv cv Ov oo CM
—» o o c n o r 4 v o o - - w i
Cl IO V| rf ci If Cl Cl V, H
Cl V) Cl Cl rf — d  — d  w  © vo oo c- ci «
CV CV Cl CV d  Cl CV Cl Cl Cl ci ci r*i ci cv d  ci cv ro rc rc cc
o o o o o o o o o o o o o o o o o o o o o o o o o 3 S 3 3 3 3 3 3 3 3 3 S S 3
VO Cl Cl I o00 rf O  — oo
Ov Ov OO O ©
>0 Ol V| M V| Cl
Ov Cl V) Cl rf  o
O Cl P  VI oo rf
© oo cv cv cv ©
v i vi cl Cl eo co
«C| d  OO Ov CM »-r
rf OO V) O Cl
O VO O o O'
Cl Cl VI Cl V)
C l M S J O V I C I ' - V l C I )  
c i c i c i c i r r c i c i c i ' r « - . i O H C I ( 7 i c i - - ' c i c i
— O O' © oo — f  
vo o  o  Cv o  — c
O OO O rf VC) C»
Cl Cl -  «
■5
Cl Cl Cl Cl Cl Cl
o  o  o  o  o  o
Cl CV CV CV
o  o  o  o
SCI M Cl VO Cl fr
cm o  o  r*-
—• rf C- vo oo
Cv Cl CO VO
-i vo’ —
C C C I C I V D V I M V I  
OO Cl V O O O O V O —<00
' “ — ‘ rf o  cn o
o  CO Ov 
VI p  O
3 3 3  3 3 3 3
O O o I) O O 1>
3
VlVIVlVl'OVIVl'rtViVlVl
o  o  o  o
CO C OO V|
C C I V i C l O i d C o O O
o o  o  o  o  o
ci o  vi o
3 3 3 3 3
OO rf o  OO 30 r*
M Cl Cl O  -  f  «
O Cl rf oo CV O Cl
rf ic ci ci vi CV Cl
ci ci ri ci ci ci ci ci ri n  ci ci ci ci ci o  d
o o o o o o o o o o o o o o o o o  
o o o o o o o o u o u o u o o o u  
o  c  vi vi ci o  -  vi n  ci ci oj io O' vi ov 5
O v v i c C ' O J o o c i - C r t c c i O i C i - H C I O  
'OCvdCIOOCVOOCI^'OOCVCVCMVOOvOv
<f r i  J  f  J  ci  ci  ci  ci vi <r m ci vo - h c  (N
Ci o  V) o
3 S 3 3 3 3 3 3 3 3 3 S S 3
>0 VO rf
cv © o  — % - 
V| Cl Ifl Cl Cl
' O — O C O O O O O V O O O  — 
r f O C r V O O « C | O O i  Cl O
« Cl rf Cl C rf
CICIClCIClCICiCICICIClCICICICI
O O O O O O O O O O O O O O O
c v d ' O ^ o c v r — c- 
oo ci -h o  • *• ■*■ -
OV O — —
3 S 3 3 3 8 3 ? 3 3 3 3  3 3 3 3 3  3 3  3 3 3 3 3
r f O C - C l C M C H O C i
3
Q  CM <© P- *© OO
2  co VI Cl - r  c i
Ov OO c  Cl O
Cl o  co
3 2 8
vo © o  r- oo
Cl Ci Cl
r- © ac cv
— r- — 00 Cl V) VO O' vo <0 Oi «o r- ci -  Cl Cl VI V) c  -  c  ci
CV CV Cl cv Cl Cl Cl Cl CV Cl Cl Cl Cl Cl Cl Cl «  Cl Cl
O O O O O O O O O O O O O O O O O O O O 3 S 3 3 3 3 3 3 3 3 3 3 S 3 S 3
V O O O —• O v o © C l O » C » O O C I O « H C I 0O r ,T © t T O O O v O ' O O C > ' O C I r f C * C I C I C I ' - i r f C i —  O O O ©
«M-|C'OC'VOCir^CICrCVCvoOOvO'OOCVOOOCMOvO'ClrfOvC»-4VO«»OOoOC- — o  P M V| C 
OO vO v/*i C» r f f C i * " V i r f C i M C I M  O CM •—1 Cl V| VO ClCiOC>rf<-HdC» © OC*r*<r~OvO-“ 0 0 —h
05 Tf -  vi ci ci vi ci rf c  vi rf ci CO ci ri rf Cl vv c  rf rf »< ci «  Cl Cl -r Cl rf rr V| rf «  Cl >J Cl CV cv Ci O'
£ pg r i u*3 £ o
UJ
UJ C* W
T
ab
le
 
4 
T
ra
ce
 
el
em
en
t 
co
nc
en
tr
at
io
ns
 
(/
.g
/L
) 
fo
r 
al
l 
sa
m
pl
e 
si
te
s,
 
no
ic:
 
nd
+ + + + + + + + + + +
p~ f ,  —
*T — © 'C r-  jc — V, ce. r*-, V,
7S
v. © *~i p* v/, r— r-
© v( vD *“ pi o
x  — ,J x  ^C “  c  ^r" r*-i —i <-i — f*'-
© © © © © + + + + +
O' © x  cT ©
© s© »  © v,
© © © © ©
+ + + + +
© v. r-  r -  m
x  p» © © p-
2  »  -  p 
2  p- -r © 
— »  © v.05 ri — r-;
p\ r-. i*| r»*. r*-, <~l m r»-, ro © © © © © O O © ©
© P- X 
- - P
S 3
©  ©  ©  ©  ©  ©  O © o o © © © © © © ©© © © © © © © © © ©+ + + + + + + + + + + + + + + + +
— <-i x  v, pm *r
x  —• c-i © p>» pi
?  o  p  Ci O' O'
r |  w O  O PI
*t i/-; oc r~~ o  x  p-
© © © © ©  © © © + + + +
© © © © © © O O © © © © ©  
© © © © © © © © © © © O O  
+  +  +  + +  +  +  +  +  +  +  + +
30 t" r- ©
pi v» v, © r-»©C' Cv©' w' mr ' Wor » ,o 
iri r i  ci 7  r i  ^  p  -  -  7
i_ — , t , PI _ © © © © © © 0 © © © © 0 0 0 © © ■3
0 © © © © © © © © © © © © © © O © © © © © © © 0 © © © © © © © © © © © ©
+ -f + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
u
O
u
fO
u 0
fCl
u
Vi
0
Vi
0
m
0
wo
0
©
v>
PI
u
V
u
cn
0
©
u
>o
0 u u
r»
u
30
u
<-«
0 0
© ©
u
wo
0
pi
u
cr PI
0
pi
u
© cr
0 u
fc.
u
X r- p"i rr
r~
<*■!
©
X
0
cr
cr ©
cr
p-
r>;
P-
O
WO
W0
rr
WO
©
Vi
©
O
r-
VO
M
re,
fC|
30
©
r-
©
3£>
w
p-
©
P~
p“.
V, 30
X
X
wO ©
cr
n
©
r*
X cr 0 r~
p-
2
V|
PI
©
©
V
X •r (C. V
S3 © cn VO r**" cr vi r*"i rr r i <0 vi wo — ri r i cr pi vi r*0 rr vi vO © vi — vi X vi — cr vi WO 3C V. — 0
© © ©  ©  -•© © o  © ©  o+ + + + + +
©  ©  ©  ©
wo C*0
©  ©  — ©  ©  ©  ©
+ +
g  3
xj p  i— i/i r* 'ri c i
— x  © r* &■ P- r i
co »  0\  n  oo <o
© © © © © O O O O O O ©
f<i W-) oV o  o  c* © r*
+ + + + + + + + + +
© © © © © o o o o o© o o © © © © © © © ,+ + + + + +
30 v  o  Cl Cl o  Cl
iri O' c i ci O O  «
pi Wi r<i ©> r< o  pi
© ©\ O  v, **•» 30
Vi Vi t NV) V| Ci V| i OC
© ©  ©  ©  © © ©© o o o o o ©  + + + + + + +U O O O O O U  
n 0 ' V | V > L p « W ) 0 ' » ^ 0 '  
p- »  pi  ~  *A «n ©  co PI © r- O
po »  wo ©> . »  a  O  -  r< p  -
o  © © © © © o© o  © © o  ©  ©+ + + + + + + S E E  + + +
O' »  V, VI T
H o  V3 N  O'
P  P  N  VI
Cl’ -i w -i —i
— © ©X  ©  ©
o +  +O ^  »i/s — ®9ci  o  p  HCi o  vi ?  a  V
fH O  O' O'  . -
ri ri -i r*o 04 *-<
o o o o o © © ©  © o o o o o © ©  + + + + + + + +u u o u u u o u  r t r r ' T —< p c p o o  
S 3 P « « ' J * f O ' P  oop'Wi 'or- 'Ow' i 'O
-i m ri pi pi" cr rr" —•
o  © o  o  ©
O O  O '—'+ + + ^ +3* o o o u Ji o
O' P  O'  V) ^  P
r i  vo po »  £  «. cs oo © rs . o-  ^  ^  ci «  ^  ^
_ © © © o _
—  ©  ©  O  ©  ©7 + + + + + + +g  g
©  ©  ©  ©  Oo o o o o  + + + -*- +
o o o o oo o o o o o o o o o ©+ + + 4--V + + + 4- + +
2 x 0
0 , - « ' o v i p ' o |<i
P  p  Cl p
vo m
po >0 3© v> —< po Pi
g  5 ? 3
O O + + + o  o  + + +
C l V I ' t O P W C l V l
O N C ' M M P V I H
o o ©  — n o n ©
_ _ o o  © © o5 5 0 0 0 0 07 7 + + + + +
J i  .5: o u o u  o
O rf n  -- f-
wo 00 n  © cr
w o  vi p  n
pi  cr pi  cr cr © vo
- s g g g g g g g•f + + + +
0 0
3
*0  vo
8  § §  o + + + ++ +
O O f ^ U O O U j ^ U
o  — § o o « c r ® g ©  
f n c i " « N H ~ 5 s  
— c r . © o \ « ' o x4 ©
o o o o o  ©  o  ©  ©  ©+ + + + +
o o o o o  
>0 O' s o  ©  cr
p  r  5  ^  p
»  O' O  «  v' i
—« r< — ri  r« r t  —1 n  r* 
o o o o o o o o ©
c r m ^ i c r c r ' 0 X f * % 0 ' c r
s » - D O - > * f T ' v i p C ' ' i
— © © o  © © © - o o o o o © ©
7 + + + + + + +
° o u o o o o o
r v i * f C i P v i - »
T O O ' O O M - ^  'T ^ rj ri ci — ^
O 0 0 0 © 0 0 © 0 © 0 © © 0 _ ,  
O O O O O O O O O O  O O ©  © O  
+ + + 4 - + + + + + + + + + + ^ ? ? ? ! ! ? !u w u u u u w u u u u u v w v j w a a v
p c f O t ^ « P » C ‘ P P ^ ' T C « N r i r so o O C P X ' O ^ - c T v ' i O P ' i C P r - W i x / i ' T f T - ,  t~~
- p O ' 0 |o c i - ’ * - o i » o o p r (  . ©  : —>
n  p  "  r  ci  «  Tt vi r  o  p  Vi o  p  ^  1,1 •"
o  _  „  
® © © 
+  o  o 
« XC —•
0 2 ?
© © © © © ©
+ + . O + + + + + + +
r*  n  
ri vi ci >0
+ + + + + + + +
o u o u u u u u u o u  
cr w» © —• «o 0 0  -» o  w*.
h O J ' V i V1 P O C ' P ? N  
O Cl V) O  <0 VI -  —I Cf O O
wi ci vi vi vj p*’ ci v ri cr
o o o o o o o o o o
I - ' ^ O O O O O O O O  
+  + + + + + + +
— — ri
© o o o o o
r  vi  ■<? rr  vi
5  I  3o’ r~" ri ri
P O i ' T O - O ' T l C i  
O  M (? V, Cl © Vi -
' 0 « » - » p r ,t © <<i cr ri
p  *f r  c» 00
30 «  V| O IT|
Cl Cl P  Cl V|
cr © ri ri r*i
i  I I
§ 1
s  «
r. 2£ gw a
wo -c
S s
c  3►5 to
60 B  
£ ^
P P
0 9
1  S
o .  *  
•C i
Q O
(S r<
P "
U
O
•C
a
2
3
> ct © O >
$  P 
60 2. 
• S : 5
Cm ’«
a. > 
*C « 
Q S
r< r  1
§ -
I  s
I I
cl<
i 1
><<
ci a  r  i
S £  < < 
<
u ?  Ci oi ci= S  °! O S?7.  „  _  3
« .2 ©  .2 
Z *2 § 1 
H — U 5
5  ^  e; <
S
w S
I I
Si
n 
M
n
ri
n
/S
B
P
93
 
9
.1
6
3
c
-0
1 
8
.1
5
1
C
-0
1 
5
.5
4
9
c-
02
 
7
.6
7
3
c
-0
1 
2
.7
4
6
c 
+ 
00
 
1
.4
6
2
c 
+ 
01
 
I.
0
8
0
c 
+ 
01
 
5
.9
KS
C 
+ 
00
 
I.
0
1
6
c
-0
3 
J
.7
5
ll
c-
(H
Sa
lV
SH
T
O
S 
3
.2
7
6
c
-0
1 
}
.7
4
5
c
-0
1 
1
.3
8
6
c
-0
1 
3
.8
1
6
c 
+ 
00
 
2
.8
4
7
c 
+ 
00
 
8
.8
8
9
c
-0
1 
2
.1
4
3
c 
+ 
OI
 
3
.6
7
8
c 
+ 
l)0
 
2
.7
lll
lc
-IM
 
I 
l)4
7
c 
II
I
T
ab
le
 
4 
T
ra
ce
 
el
em
en
t 
co
nc
en
tr
at
io
ns
 
(/
rg
/L
) 
fo
r 
al
l 
sa
m
pl
e 
si
te
s 
(C
o
n
ti
nu
ed
).
 
No
te:
 
nd
 
= 
no
n-
de
tec
t
“
Sit
e 
Ba 
137
 
Pb 
208
 
Bi 
209
 
RT
55
 
Rh 
103
 
Pd 
105
 
Sn 
118
 
St)
 1
21 
Te 
125
 
Hf
 
17
7
79
r t t N r i t N m r i m m r i m m m m m m m m r i r t m r N c N r i r i m m r f T f m m m m r f m  
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 0 9 9 9 9 9 9 .................................
■ j u u u u u u u u i u D u i i u u u u u u u u u u u u u u u u o i i i J i J U U U l J l J  — o o m m r ' o r - ' m r i m r - i n c v c v r f ' o r f o o n j o o o o o ' i n o v o m r j m r ' r f o ' o o r - r i o o i  
O u " \ m C v C ' C v ' © r » r f s C r * 0 ' O C v r - ‘ ' n o r i i n c v r - ' C c r * ' C ' r r i n r f m c ©  — o m t ' - f - * v o c v t - ' ' n r 4 ' 
r | ^ ^ b i c - ^ N i n O ' i n n i o r | n o o N O M ^ - N q - - 0 ' ' 0 ' 0 0 ' v o ^ ' q i n o i n ' t - - r r ^ '
« r i i n - f f \ h i N N n ' oo — VO O  -  T1 -
m
............................  9
t ) U 0 ) O l » O Q l > Q t » l )
i n o c o o o C ' t ; n y r i »  C 'O O  — m oo Z m Z o  in 
c  n  n  cs ' f  o  in —
J  J  [v! O  h  r i  fO O'
m m m m r i r i m n i r N r j r i r s m n i m m m m m m m r f m n i m r f m
O O O O C p O O O C p O O O O O ^ O S J O C p O C p O C ^ O O O O
" p i ~ o i r i n o o r ' O o o o o 0 ' ^ - < ^ - ' t ? C ' r - C ' M i n T r i r i b v ,
Z  — Z  — m r f c v c o o c o  — in r - t" -  — — o o m r f r f  — m m c v i n  — o t" -
m r | r i - q c c o i N C | C O ' “ C o q ' O O f , ) ( N i n b O b c o o M O b
m ^ ' d r ^ n o > d f b r i n ' r l r ' i n J « r i r i ' X r ' i r i r i c o r i ^ c o r ' ' T r
r i N n - N N N N n r i - N N N N ' - N N - N ' H « - - - M N n r i N N n M ( N ( n n - n n r i  o p o o p o c p o o o o o o o p o o o ' ~ ' ' ~ ' ~  — ------------------— — — ~  — —
C ' O m r f O C ' — o o o i n r - i n m  — r - * n i O Q O O r i r r m r r r f r f r ‘ r ' 0 0 - -  — - - . - .■ — • -  — — — ■ i c c O ’T ' f ^ O ' f ^ o o i n O M m n c o M ' t o a O ' « ' 0 ^ 0 ’t  
—v > ' v v r ^ « ^ i “* ~ ' ~ \ r ^ r f O — c v r * r f  — C ' r i i n r J o o o o C ' m m
r i o s r - C ' -  in — o v o o i r r r - i r ' - —* m C ' C v  — c v ' o m o o i n
(N
, — vd m r i  — -• rf  oo
« N M « « M N n f >i rii r ) n M ( N M n - - r ' i
p p o o o p o o o o o o o o o o o o o o o c
- U D U l > l > U U U U l > U U l ) t > « j
T f ’t h . ^ c o - H C x s - h - r s n O ' r ' O ' f r i  . - -- ~  — in O m m
o  — oo o  r-
' f- r l  rf
in  — r f  — — — m  n  — O  r<  — r s  — — c4 — — — — n  n  -  -  — n  n  m  m  5  n  n  r ,
9 9 9 9 9 9 9  0 0 4 .  9 9  9 9  9 9  9 9 9 9 9 9 9 9 9 9 0 0 0  +  0 0 9
? m M O ' - o n y y S ; - ' - ' C ' y r ' h i d o o i ; - o l “ i n ' 0 0 ' n - ' O n C ' C ' 0 0 - ' n r , i n r f c  
m c ' o o o o o o r r — Z Z Z m o © Z i n r f Z r - r 4 Z o o m Z o m r f r - ( N o o r f ' 0 { - ' v o i n r f r f r ; r f m r i  
c  r i  ci  O' o  n  h  10 r* -  o  — — m inoo  — i n o o o i n r ~ v O r y » o o m m r J H o o o i n
— ri  r i  r i  — — 00 — — .J i n — C'od rf r - o v i n  — rf — m r f s c m  — < n r i ~ r i i n c c
1 t't 1'« "  1 4 i m
' O O O O O
• M in N n  n  r-i ra ri  r i  t s r t  -  r» ci  r t  — m r4 m in n n - m
S O O O O O O O O O O O O O O p O O O O O O ' " '  
l U U D D D U X J i J i l D U U S J U U D t l U U U U U U  
i —' T ' . - ' WC ' *  — r»rj -<wirr — r f r i O O O O O O O O O O O O C ' i n C ' O O  — i n i n O O r f s O O
.   v m c v m m o c r r  — C ' i n ( n f ' i r ^ r 4 T f i n i n m v o i n o \ v O ' O o o c N ^ r^ rvl — " . -  — . -
; h  r i  o  c  p  o  «  n  m  o\ m  r i  -  m  n  «  ’t  Tt 0  in b- o  o  «  n  ci
: C\ pi n  in ' t  i f  n  rf -  1 0 ^ 0 -  — mo o  — O  iri vi vi / i  r i
1 n  in m rj  r i  n  n  r i  ri  tN r i  rj  
1 0 0 9 9 0 0 0 0 0 0 0 0  
i u 4j u i > u u u i ) i j u i j i ! ) i ! > _  i i n m   r f o o r i   m r f o r f   rf
. ^  iV». v*  < ry* iri a i i ^ w * - i | w 7 ' a y ^ x  , O f ' i o o ' O t ^ ' O C " n T f - i n  
; 0 0 O r ^ f N i n  — — — rf rf in 
n i n n - n ’j T f ’t ^ r i r i n c c
m m m r t m m m m m m r f m m m m r t m m m m m m m .  m m r f m m m m m m m m m m r r r » m m
0 0 0 0 9 0 9 9 0 0 0 0 0 0 0 9 0 9 9 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 9 0 0 0 0
r  — m i n  — in — o r j c n  — m t ^ o r - m  — c t ' m i n r f o o r r r i  — — c v i n c c r ' O o r - o i n
m ^ o m o — m v - j o o o  — m v C t n m r ' C ' m r - r i  — © i n  — rf — r t  — ( N i n n © ©
r - r j o o o o m i n i n s o o c m  — rf — o  — O v q m o o o c i n m o o r - C ' m o m t ' ' -  — i n o c s
— Tf — — r i  rf r i  — ri  r*i ci — m — r>’ — ri  r ii n —- m  — — — — c v n  — m
' m m o  r-
cc m  o  in
1 o  rr rf 9
1 r i  r* r i  r i
rr r f r f T f r f i n r f i n r f r f r f r f c n r r i n r r
9  9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
n j t - J i - J t - l u J i - J t J u J u j o m r f i n o o m i n i n s o  — r * O o o r f o c
r - * 7 ,7 , , 7 ' ,7 ’ *7 ,7 ,,7 *7 r f o c r \ r ' i r - o o « n o o o v a m o o r ' i t n r - j
Q Q x Q Q ^ r i Q Q Q Q Q 9 b‘ ^ ^ f ' | t J l - m U U U U U o n t n 6 0 n i i n ' 0 -
Z 2 S 2 Z C ! r Z Z Z Z Z z 2 M 2 C Z Z 2 2 2 Z Z Z l o c ' d ! NOO, f l WC' o n W ( ' | , r ' rlr - r r  o  vo — i n o r ~ in r t r i m c '  — o o o c r -
(N o  m — o m m r~ r i  — rf — — ri  -  r  n  n
o  o  + 0 0 0 0 0 0  +  +  +  +  +  +  +
V V V V V V 1>
rf — in “ • ‘
0 0 0 0 0 0 0 0 0  
+  +  +  +  +  +  +  +  +  
D W D U U U U U l )-  n c i  b  o  ■ ‘ -
— -  — o x - c o o C ' O s c T f  — — - r i r f i n n  —
O O O O O O
© O O O O O  n j r j m m m m m m r i  m m  — — ri  ri
+  4. 4. 4 . 4 . 4 . 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
_ U l > U U D U l > t > l » U l > l ) U l J U U l > 1J 1J t > U
c s i n c o r - r - o c ' s c o m f ^ r ^ i ^ r J r i o o r t o c N r f o r ' i n r r
3' O r i M o o \ " ‘ M o n c o c c r i O ' O C ' r i ' f ,t r c  C ' C ' ^ O O O r f - ' C ' O ' / l M i r i O c O ' J x O O r i  
n M j ( v i ^ ^ - N h ( n T t - ' O o o - r f v ,) n - “ ri
888:  + + + - 8 8  + + + +
V D U U D U j ^ l l U U
8 8 8 8 8 8 8 8 8 8+ + + + + + + + + + . . .  ..............
U U U U U l > D j j y y 1 J U D l > l > U t > l > U l ) t » j j l J t > U
C s m v o r f  — N C ' i n ' n o ^ ' O ^ O O r i C N n C ' i n i  in »  rf r-* 
n i v o r “ r f r>»vooo — l n l n n ^ m r 4 r r r ■ » ^ o o m m ' O r f r«-l c o © r *  
o o r ^ o c c ' ' 0 ^ - • w ' ^ 0 ' o O ' r ■ ' C ^ ^ ' ' ' ,n r f m o — • n i n p j m r - ' o c
t ' t » O r f r n O O C ' - i v m r i '  
r f > w m rv j r > 0 ' n r i o i n —; n o
m ri  m — ri  — r i  — — ^  ri  r i  — rt  +  — m — m r i  vS m +  0  t"* rf — ri  o  — 00 rf — ri  <+ —
O O O O O O  + + + + + +
5J •_> i> U U *J
N  ?  -  -  M O
-  n  o  >n -  w
O m rf do m oo
r f r f ' m  — o  Ifi rf o  in I '
+ + + + + + + + + + + +
r n - T j r c ' r c— O O s c i n m i n r r
m o i n n o o O ' C '
.................... m  r i  n  n  n  -  «  n  ri
O O O O O O O O O O O O O O O O  
+ +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
i ) 0 1 > l > U U t > U i > U U D l > l > 4 J t > U U t > l > D U D U 1 j y  m, r t in - ^ -  — m m r f  — — o r t r - r t m r ' C o r f i n ' O i n ,  o o o r - o  
o o o m n C ' O m o  — n o o o r '  — 0 0 m  — n o o i n r f r f r r o o o n  
o m c o m x i n o o c o x r n o o i m O N f O C ' C ' O O  -  — n  r i  m in —
r f i n m r i O ' ^ m b O r f i n i n ' , <n - , in 1 r i ec n  N  r i  (N n  m m ri  ri
ri
cv ricu ©
r 4 ri  m O-
C ' T t n L H
& s  9  ^
t n si .
."5 :*= S £ ? 2
ri — UJ «
H 
ri  U
£ §  
uj e
g g C !r- H > o  z  ■5
15 Z  y
> o >
*2 2  ^  Cr.
« a  . s C. r s^ -  C. k ^ 3 •a 1 ii n -C - 
d. h  -  Q U 00 Q !
i  I
rl O  O
§ §  z
■a
rJ .2  ju -3
. o a
O' ov rj  
N n  u  O'
?! w S  uj H
g s y s g
y  "u q  c  c
:l  I  
I  3
x  u  .
S
a
S  z  o < 
X x
•1 1 C **
Os m 
7  C\
I s
9  sw *53
S ' I
: CJ H
O' cdoi £
& < 
>  'SE .2 
o *2
X  —
>-<
cn m 
Ci ^CU >*< < 
c S5,3 "5a >1 E
^5 .2
g - O S - 3  TD -O *0h a  u — — — —
5  w < 00
9  -a
O' Cl, ! 
& “ !cuw _co — o  t o ;
•5 I
s  u  £
e.
c.  ^
*C r: 
Q tn Sa
lt/
SL
oP
93
 
2.
3%
e 
+ 
Ul
 
3.
07
5e
-0
4 
1.
7!
4e
-U
2 
4.
8‘
)lc
-0
4 
2.
1U
c-
02
 
2.
U
2e
-0
1 
2.
75
0e
-0
2 
l.(
i(X
)c
4)
2 
l).
fi6
0e
4)
3 
5.
98
8e
-0
4
Ta
bl
e 
4 
Tr
ac
e 
el
em
en
t 
co
nc
en
tra
tio
ns
 
(p
g/
L)
 
for
 
all
 s
am
pl
e 
sit
es
 
(C
on
tin
ue
d)
, 
nm
c: 
nd 
= 
non
-dc
tec
t
80
o o o o o
r- © © — v, —
r j  © — o  ©
so © x : o  o
— r- — n  o
p  p  p  p
u u u u u u u u u u
7,  ^  r* x  f'. •" Is  — ?
r .  ^  -  ir, ?; c  r  t
»  rt  <“» ©.
^ 7, 3 fi 2
— -• — vi *r —
Q Qz  z
p o p  
I Q L» o oi =  ©  ©
A o  1^ crt *o ©
*f © © — ©, ■—■ ©
— r- ~  t  v,
>: t  k  n  -C o  r- «y ©
^  r i  -  k  x  x
3  2 3 3 S © © © © © ©  i n  O O O O O O O
O f © , ©
. _ _ _ Q Q Q Q Q Q Q Q Q Q Q Q  
£ J 2 2 ^ Z Z Z Z Z Z Z Z Z Z Z Z
©, *f ©, *f © ©.
O O O O O O
90 O rt r» 30 ©
r r  ©, © © © 
O O O O O
j c - C ( ' i » ' O s O
V, © 30 © p  p
— o" ©
-  s  a "1 —
— —
® © —
?  9  ?  9  9  +Z & Z 2 g o“  2  §  a. R »O ®. 2 ■» »; R
«  O'  ^  ^  />i
o o o o o
r- © 
r- © 
© rt
© o _ ; r ‘ T ' C _ j o r - '
© © © ©
rr — — ©
r-‘ ao r
v., © rt © © © © © © © ©
O O O O O O O O O O O  
u u u u o u u u u u  
r t  «f *f r t  90 — l<l t r  Ok f t
h / l 7 M 0 0 ^ 9 0 0 M'  
M O o 9 N h c j ’f m « " < i
\ © © r t r - © ~ * ' “« —> r i  - t  •
3 3 S S 3 o  o  o  o  o  o  o
v,  35 rt r- 
r t  v, v, ©
k . r .  r t  i
d  Q Q Qz  z  z  z
az
r- r t  © vi o  
»r ^
© r t  ©
Ci M ^  ?  C  r t
v ( r t  vi o  v, ©©  -7 ©  © ~  —
—• r i  r i  —'• —'• —•
—« rt  r t  r t r-t r t  r t  r t  r t  r t  ri  n  n  -n pj «
O O O O O O O O O O O O O O O O O O O o o o o o o o o o o
VI r- r f  © r -  ©  *r ©  *r
—• rt  r t © — r t
oo © »  r* o
r~ r t  r t  *7 ©
r t  r t  r t  ©  o
rt  r i  r t  r**‘
© •— — — 3
t— ©  ©  ©  ©
© © © © so
r i  r i — r i  ©
o r * O f r o o n o ©  
t-~ v, © © t-' ■»f © so v, 
i r t m r i - i f l n r - ’f
io ^  n  kf r
© V, r» © 30 Vi © C“k 
» » « © ( ' i r ' # r '  r- — — © © ’■ o r t ©  
© »-« r i  »  —i r*. — - t
r- © M r-
r t r t r t  r t  r t  n  r t  r t  r t  © © r t r t  N N  j  r t  
o o o o o o o o o o o o o o o o o o
M ^ M H M r t ^ r i n r t r t i N r t r t  r t  r t r t  r t  r t r t  rto o o o o o o o o o o o o o o o o o o o p
Vi © rrf © © r i  © 
r - o r t © n r t © ©  
r i m rt  r i  r i  vi v  r i  oo tr
u u o o u u u u u up r t ' - ' 0 ' 0 ' T ' 0 ‘O V i o
5 -r
ri  ri -i  ri V
r~ © v, vt © © p*
©  ©
Z Z  rt rt ri  rt V) Tf Tf C"> © V) f
3 v, ©» O © © 30
1 V rr, v. SO © tf
3 © V> Vi © r— —•
* vi © *r vi — vi
® — 
? 9
-H ^  ^
o i ©’
o  _
?  9
© _______© _ _ o o © ^
? o o J o o ° ° ; o
«  /Si M ^  «  f t
g  rt vi 
^  t- vi
o o o o o o o o o o o  
o o o o o o o o o o o  + + + + + + + + + + +u o t t o u o o o u u o  
© v> r-t r i  © v, ©, ~  © o  «
r t  r t  r t  v,  cs ©  rt r t  ©  © v,
© » r t o © 0 \ © r r ^ f o o © ©  
—I oi ~  ri  —< © - 4  ri  —•
»  vi rt 
oo n  v> © n
rt
o
rt
O
rt
O
rt
p
©i
o
rt
O
rt
p
rt
p
m
o
rt
O
rt
p
©
O
©
O
©
o
©
p
©
O
rt
p
©
p O
''t
p
©
p
rt
p ■0
3 ©
p
©1
p
©
o
©
O
©
o p
©
o
©
p 3
©
o
©
p
©
p o 3
©
u
rr £
o
© 00
u
rt o oo
u
OO
u
rt o  A o o© Q  « Z  Z o
u
90 o
U
o
u
o
u
o *
u
© 30 rt rf r*
o
© © rt
©
u
rt ©
u
r
u
so ©
©
30rt
rt © © r» z
©
C0
r»
00 © © r *r ~T •o 30 © z p 30 3C —- ~ r t r* p V, r t ©. 30 o sO ri r- 30 O
SO <*i - © © - ri © rf *- — rt © •r ©* ri ' f © r r
© rt “* — ©I — X <3 rt ©
o  o  o  o
7^ VI f*1 
rf
©  m  n  ©
u  o  o  o O  Q  O
io kf f< »3 S  7  7© vi rt  o  4. / -  A
rt rt  r*“ ©
Qz  :
t*i to cr n  *7
O p  p  O  p
o o o o o  
n  o  © rt ©r f  ©  ©  ©  ©
3 S 3 3 3 3 3 3 3 3 3 S 3 3 3
©  ©  ©  ©  T
OO ©
30 O 30 —
OO c*i vi -h M
o  ©  o  — —
n  ©  — ©  ©
© o  rt — r»
© © oo ©
3 3 S 3
O  ©  ©  ©rr-, O OO O
r* o  o  o
3 3 © © © © © O O O O O
, Q ^  © © © © ©
Z  rr , © © © © ©rf t f  ©  •— rf ©
r i  «  od r  - i  oo
Q Q  “ 
Z  Z  rt
3
o
3 3
3 © m r -. -r © © © © tt  *r O O O O O O O O O O S © V.o  o
©  ©  ©  »f 00
r- ri  rt  — oo
O  ©  CO r f  r»
O  ©  r f  rt  »
r— rt  — © n
© ©  © n  
— — o  o
O — o  o  rt rt  r*
©  r f  ©  —
>-<
O  © rt r f  p  
oo* ri  © r i ©*
c c q e
-  £
2 S ©  —
1 I
U Sa
It/
Sl
:I*
93
 
7.
85
6c
-0
5 
8.
27
9c
-0
4 
1.
30
2c
-0
3 
5.
16
8c
-0
1 
2.
93
2c
-0
2 
1.
94
4c
-0
2 
8.
74
5c
-0
4 
l.9
97
c 
+ 
00 
4.
68
0c
-0
4 
2.
V
2b
c-
03
 
l.f
»3
5c
-O
I
Ta
bl
e 
5 
Sh
ale
 
no
rm
al
iz
ed
 
RE
E 
co
nc
en
tra
tio
ns
 
fo
r 
all
 s
am
pl
e 
sit
es
. 
No
te:
SI
o
©  O'  O'  O'  O  O'
— O O O  — 0 ^ ~
o o o o o o o o o o o o u o o o o o o o o o o o o o o o o o o o o o o o o o u u  r 4 o r ^ o v o ' 0 © — o o x i N T r m < N r ' < N r ^ r '  — — © v o r ~ : > r ^ O ' ‘^ v o a o © r ~ ( N 3 C f * * .0 ' f - v > » / “> r ' ~ - “. « / * > r 4 — v n r i r s  — v o x r r O ' c ' ,>c r>c*,) e ' j m r r r - * x r r o o ' r - ' C » - * f o  r - ' ‘V 't r t  — ro
0 ' C C ' ,o o i , i ? N h c > ' O i — m t " - o r - ' n  — O ' O d c o c - i T r T r — r ' - ' O c o o  — v o r o m i o o ^ ' C ' - ' i r - j
r i  —  v >  —  — >0 — iy-j vo V i N N N N N ' O N l N - r i - O C - N  —
0 ' 0 ' 0 ' 0 ' X X O ' X X X O ' X X O v O ' O X O ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 \ X X O ' 0 ' 0 ' X X X X O ' 0 ' X X  
O O O O O O O O O O O O O O O  — o o o o o o o o o o o o o o o o o o o o o o o o  
o 6 u o o o o o 6 o o 6 6 o o o t > 6 o o 6 6 o o 6 o o 6 6 o o o o o 6 o 6 u o y  
x v o f " — x x r 4 ‘o c ' 4 ‘/ i ' 0  — r ^ v o  — x c i x x x o v v o r - c n m r r c s o v x r T n -  o n x o ' . c i ' C c s  — 
m m r ,» o v o w - » x x  —  x c i o v i r ^ x  — vo — x c N r ^ x c i r ^ o v O v o r r  — — v n o v n r i i / i w i ' O O ' m ' O  
\ o —• c i  rrt —  —  —  </ •)—l O t i s o n t ’t  -  —• O ' 0 x  —  T r ' o v i o © c 4 ‘n r - - C ' 4  — r )  r-* r s  — t t  — o
r r  r i  — — - J  r i  —  — <n  — — — r r  v i  t-* — r r  — r**» r** vo t"* — vd o s  <n  — — O ' r r  r -’ —  x* x  — — r i  <-j <n
O
Z
o  o  o  o
U I) o  II
v o  x  vn  v c
i o ifl | s  Oi 
o  t  vo r s
(S
U O w
v/i vr> r -  
r -  x  r r00 N  v i  
i V I — O' —  —
i O'  0\  O'  o  
■ ©  O  O  — 
> 6 o o  oO'  VI  Tj- r -
v i  O ' v i  O
— vo 'O o
g g O O  — O - -  — - < ©  — — — — « c i  — c4
t J o o o o o o i S o u o o o o o o o u  ' O N M X ' C ' o n O ' X v i O ' ' r ^ o |o v i o \ T r  
r r o x r r r f o o \ m o ^ r ~ ' X » o i o » o c s ' 0  — • 
r ' m x O ' ' 0 ’T v i n o > o - - , 0 » ’r ' ' } , ' - " r i N  
— — r i  v© v© — vi  wi  — — n  v i  o  r j  - i  r 4  — r r  — x
o  o  u  u
i n  -  n  \ o
I — — — (S , I (-4  - f4 N N N N ' t N N N n N ( S N O N N O N -
0 0 < ! ) 6 « ! > l ! > 4 ! > i ! > « ! > « S o O « 5 > * ! > < ! > l ! > 6 t ! > t > O l ) O O O O O O O C > O O U O O U O l > O O U  
—.on — x o n c ^ r r r r o c ^ c ^ n  — — < N n r r O ‘viv/ i c' *ov«N — r - c N r r T r x r - *  — vi — r*- o\ x  vi x  n  
o v t t — o v © < N r r  — c ' i r ' 4 x x r ' * c N O ' v / i © v o v i x x  — r r r - * f * i c - 4 » n < N » / i ( N r - x o v / i r - ‘ X r r — v i v ,  
' 0 ' 0 0 ' * - v i r ' r v « i o ( S v i 0 ' O f s v ' O 0 ' 0 ' ^ ( N M v i o - i w x o ' O T r r ' O r t r ' r ' O V ' T O 0 ' ( S
— r-* i s  n  t  o  ^  v i  a 1 vi v  -h n  ' tt r -  —« -tt — V ) X ^ N M ( N N ( S O ' M ( S ( N - - h ' O n
— — — — ©  — O O O  — O O  -  — — ©  — • —* — t~4 — — CN 04 ' ( S N ( N ( N ( N N N " N ^ - O f N
0 O 0 A < b « ! > G l > l ) O O l > t > G t > 0 0 0 1 > 0 0 0 o A 0 O l > l > 0 t ! > 0 O 0 0 U U t > U U  n n ' o m x v o n  — r r x r r m v o  — r - . i / i m ' o n c i r ' ) o x ' © v / i w - > r r x o r ' )  — m o ' v o v i x r r o r r  T r O f sJ m « o f O ( S O N < s o v T r ‘O f ^ f s r ^ x r r ( s r r> r ,* v n x x v r j x O ' r ^ w n x o x o r r r 4 X - -  o> n  o_  . .  . . .  ‘ vo vo —< vo r4 - -  . . ^  .  — . . . . .  . . .  . . . .ov — r r  — x c - i c s  —
r i v i h O ' - - N ' " - N r - '
n  ov 
m  v j  m  «  r i
r r o v v o T r r ^ x r ^ x m — x t ^ - x x — r ^ f O * o  — vo 
— * o r"  — N M r i r i r i ( N f f ' N t >‘ v i - -  rr — <N ri  x  ci
( S r i t ' 1 N N ( S N N N N ( S N N f n N N ( S N r 4 ( n r J n n N ( S ( N N n N N ( S ( N N ^ fO (N — fNl (N
O G l ) t > O G O O O O O O l > O G O O O O G G i > 0 0 0 0 1 ) O O t ) O O O O O O O O y v  
c ^ o v r r o v r - — ‘O f o o v f o ' O f o o v f o o v m T r o o * ^ * — « o r * 4 ‘o x r * o ,o v o o o o v x v o - T X f O x r ' s c  
m o v ( N ,^ c v r - - ^ - r ~ r r v o \ O f s r ' 0 ‘o o v ( N  — ' O r r x x  — r r r r - ' T ' o x  — x r r x  — x r r o v O < N o o  
n v f a ' - M - « o o ' v i ' 0 0 ' h n a ; q ' o v ) t v f v f r . v i O " H q ' O N v i 5 ' t n N 5 0 - N n o ' r ' o  
r T O v O v X t d f i  — r“' i ( N ' r r c i c ' i r i x  — r d c i  — n i o v — > © 0 \  — f S —  — ' © — — — — C^ — r i v i  — X  — r i
O  O  O  O'  Ov O'  O  O ' O ' O ' O ' O ' O ' O O O O ' O
— — — © O O  — O
1J 60 0 0 0 0 1 ) 0 0  
n ' O M ' O N n v r O  - h n ' 0 ' 0 ' 0 0 ' " - N  
• J X O ' N O - ' t N n -  
M  r i  r i  r i  r r
_ o  ©  — — — o  — 
o  6  o  o o  o  o  o o  6  6  
n r i ' O O ' T N v r x - ' f l h  
r r v o v o r ^ ' o v o v o ' o r r o v f n  0 ' r 0 N N - - 0 N ' r N ' O  
ci — — rs — — — civox  — o  vi ^ -  r*i
O O O O O O O O O O O Q Q
- ~ 0' ' 0 0 - O n N - ' 0 7 7N T t N M O I ' . n O ' N r ' J V l f c ’ 4 ' O O O O O '
v f v f h « ( N N ( N v r n ^ O'  rs o)  rr  *r V/-,
rs <n [ j  —
w  uj H
x  x  g: = Eq « 3
5 1 1
r j  <N— O' X
*= uj
O X
uj  n  ^  (N u
^ S' or t  —  >«v,
•C UJ 2  
rt r/12 ?  S'
£3 «  p  
o o  f t .  r
N  N  N  
^  Q \  O'2 H HC u y
o  2  2
1 * 3C- rt ’C j2 rt
Q  U  x
(N
5 ^i>  o> O > 2  O  
m ZC *£.’« 
•P* 5C a  
Q  K
(S
O' <s
0 > <N 
Z  O  O' 
§  Z  >  
C O  
g  O Z
1 £ =
C rt .2  
0 0-0
2 a £
U
UJ ./-v —
I O '  ( -4» CJ <*w u
i s
O' m
Z  5 < ^
■s i  >.*2
O'
ft- o i <2 ^ > <
r*i v  O' j r  o£ p cu < < c
'a >>
<
r  ( J  — x  r -
2 3 « 3 *2 o -o
m  O' r^ i 
O' O'
EJD2
^  <  X
"c *S
o to jf
1 1  I l i 5
U H — — — H i •o t )  t  t  wq  c  c  =  — n  r r
Ta
bl
e 
5 
Sh
ale
 
no
rm
al
iz
ed
 
RE
E 
co
nc
en
tra
tio
ns
 
(m
g/
L)
 
for
 
all
 s
am
pl
e 
sit
es
 
(C
on
tin
ue
d)
.
82
N ( S N ( S ( S ( S N N N ( N ( N N N N N N N M N N ^ n N N N ^ N N - « N - ' - - - N - ' O t X
© o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o ' f
Q O & U & O V  6 & 6 V l ) V O O V U O V o 6 t J ‘J V O V l )  6r ^ - —. r ~ - r ^ ' O m r ^ r o o m r ^ O r ^ c c c > —• r ~ ' o n r ^ - w - i C > c 7 ' O r J r j ^ > y ~ i r ^ v o  — r - ^ o ^ r
( N C ' O O n N ' O n t r O O ' n N r S N ' O N ’t - O f ' l h ^ W l N O ^ l N O M t S O O f N N M ^ l ,  
N ( O M ' C ^ T l ^ ^ M r f t ^ 1 ' ^ n N n n O M ^ |r i M v i N r l - | N V O N N - M N f , i h r
vo rJ 30 — — SO ■tT w-) — — vO — CO t r  vo <n n
Q
Z
o y o o o o u u o O U U O U O U O
M r ' N ! > “ ^ h ' - r ' h t M ' 0 n x - < o r s ' T 0 ' O ' 0 N ' 0 ( N n w T C T i ' 0 o a > o O ' 0 O ' t ’0 t r '  
r - r r r r f n c c m r ^  — r - i o c r - t N —< m r ' lo v o r r o r ' ' - * r r r r r ^ v * v r ' r ^ v o o v o o 3 0 0 0 r o o m v o r ' r r  o c n o r N4 io o 5 0 o r ^ - v o m r ~ - r ^ r r r o ' O i o c 7 v v o T r v o ( N  — r - v o v 0 ' o m v 0 r r ' 0 u r> 0 3 0 v o 0 3 c o  — r -
N  -  IN (S N  (N V 00 CN CO — VO — vo (N •— vo (N ro
O Ov O  Ov Ov O  (O' Ov O'  O Ov ^  O  ^  O  ^  O  O O — O  — O O — O O O  — O O  — ©  — “ ■• 0 0 0  6 6 i  <!> i
— ^  o o  — c o o c ' i  —o  — — — — — — — ~  — —
_ _ o « S o 6 o o c ! > o o o o o  
P  Q  n  m  «  y  H  c o o o v o o v o v v o o
-00  —  0
V I U U U U U < ! ) ^ ( ! l t ! > ^ U
> o o ( S O " O N i< r n o \ - N O " i r « o o n M - - v r - - o c o ' o v o i ' o o o v r o n r ' « o v r K > 3 - dm o v o r r r - o O v o o < s r “ r s } ( 0 ' o o v ' - ' i o o o v r o o \ r - T j - r - r ' v o o v r - i T r o ‘o r s o o \ r r - - ' O r r o ' C ' ^ ) ’rr 
r 4 r - i r r r r w - ^ v / - j v o —• v o v r ) 5 0 o o o v 0 ' v o v o c 3 0 r s m o io io —■ r r f n m o o v ' o O r r r r i o m  — r s  — <n — 
r i  n  ^  pi  n  n  - r  n  vr vo n  n  n  •“< «  n  --I oi  cs •-• o! o> -* oi  >0 Ov n  -o’ 7 > r i b-  h
«!> 6 6 6 <S■ ■ o  co r "  —
v  «  n
• ci
■ iO — O_ . <
! ° i  ■
I —' (N (N*
eH
O > 0 v 0 0 O v C C 5 C O ' C 0 0 0 0 0 O v 9 0 3 0 O v c C O ® 0 O O v O w t J O ' W  o  — ©
O O O O O O O O O O O O O O O — o — o  — o — o o  — — —
* ' v 6 6 o 6 6 s ! > u 6 6 u < L } u o 6 6 6 6 i ) 6 & > o 6 « L > r v i > ^ > ^ >  , ' O ' o « h e 0 ' r i ^ ' O ' o « ' O n o v - ' O v j , ' O ' O N v r N 0 ' M S ' O » hI K. ^  l/V N. hN (W Crt V/V fO f*V 'yV hi. f~~\ hil hJ m fs. yQ v  ^ p. r t ^ | p^  yj
c o c o t o o o r " r - c o t - ‘ e o © » o  — K  n  5  
c o in  — — — c-i r*i —^ ( N tt — rs  — vn — oo c-i (/-i — cs — ■vr — — — c i — t-* — vo — w*iod — — v o o i — r->
|  O  — — —  O  — —  O O O O O O
Z^ W W h e O N r -  — ' O o O W C i M N O O  h n ' O ' O O v h N O ' / l N O O N v f *- - - * • o p v w e N r N B f i N c f i n w v r t N M
O O O O O v O v O O ' O v O ' O O ' O v O O ' O O v  — _  — — o o  — o o o  — o o  — o  — o  
o o o o o u u o o u o o o o ^ o o  
- o n r i T } - o o ' 0 ' j ^ i v - i ( N ’J r o n ' 0 0 ' N ‘n  c o o v o v n c o o v < s r ' - ‘o  — r - ' f ' - O f o t r r - v ©0  — o o c o ' o r ~ <o c N o o o c i r - t r  — c o o
— (N O C*4 — — O O
— oJ — ( N t r c s c s  — t r  — — r*4
u ' 0 O f ^ y M v j - b : n M O 0 0 N n i n 0 ' M ’T r ' W h p ' ' 0  
Z Q Z ^  — P f » * - © < N t r c o o  — © r - c s v o < N t o o \ c o c o  vo o  Ov Ov ooov — r n o o c o c M  — 0 0 0 0  — — r * v o  
00 *0 — — Ov — r 'io v  — c 4 c o — w -ici — c o r i  —
O v O O v O O v O v O O v O v e O O O » O v O v O » O O v O O  O  —  — O
0  — 0  — 0 0 —0 0 0  — 0 0 0 0  — 0  — — — — — —
^ ^ t S t J ^ O ^ O O O O ^ O t J O O O C J C J Q O ^ t ) * ! )  
^ f S t s - ^ t s c o i ^ - r ^ o v r r o v T r ^ t N O s m u - i g - j r J i ^ j v o o o O f s  
O ^ 0 v t n 0 v Q ' 0 n ' O ' i } - N h M ‘n h - r ' ' 0 ,T f c 0 v N N v t  
- ' O N - ' n o ' C N o i o n H o o n - ' o n o o h  t r  O  cS t-"
— v - j r i v o t o v o r ' - t r v o  — v© rr  — n  r i  vi  m  n  -o t n  vj  *-
r — o  — — — — I o  o
— to v© — vo t r  00 cs — n  n  h  eo h  h  < , n n ' o n n o > i o  -  vo r-* w-> o  ©  r-
— — v o m  — vo — v o c n r S O v O v  ■ ■ ~
m  — vo p ' 1 vo »o —  —  r i  r s  r r vo r-  VO CO*
0 0 0 O 0 Ov O Ov Ov Ov 0 Ov Ov O 0 — Ov — 0 — 0 — — 0 — c s c o cs Ol — r-l _ ( N CS — O 0
O O 0 O O O O
0 6 6 <!> t> O O e!> <!) 6 4 6 *!> i!> 6 <!) O 0 «!> t> 0 0 0 6 0 0 0 O O <!> O 0 O O O 0 O c) V
WO Cl 0 0 Ov vrv O wo c o t o t o t o 0 t s 0 r * Ov r r 0 0 Ov t o r r v o Ov r-* VO r r <N c s Ov VO <S r - 0
r J r r 0 * 0 Ov v o v o v o 0 0 0 r * n <N VO r r Ov r * O. VO 0 v o v o 0 0 0 r r 0 O < s 0 r - 0 0 v o vo r~ r rOv • 0 CN — — r - 0 VO r r VO — Ov O ' * 0 CO ( S co rr r r rr t r — Ov 0 CO VO Os WO Ov r - v o VO 0 0 c o rr O ( N
r i — vi — 00 — — — — r i — — — r i v o — — v o — — v o — ti­ t-i r t VO — VO — — VO VO — Ov — — —
Ov O  O'  O  O v O v O O v O v O O O O v O v ^ v O v O O v  — O  O  O  O  — 0  — 0 — 0 0 0  O  O  O  O  O  O  O  O O O  O — O  — O O  — O O O  — O O O O — O  —  —  — —  — — — — — — — — — — — — — —  — — — — —
i j o c j o ^ i j o <! ) v) o o o v ) i j o o ^ u o ^ o o o o o o o o o l ) o o  
v c r ^ o o o s o t N v o c w r - r r r - o  — o o o = o r ^ o o o o  — — cn — ( N o n o o o o o  
r - 0 0 — v o m v o O O C r - ' O v O O  — O ' r r O O O r - > ' 0 0 0 r r O ' O O O ( N O O O O O
r o x i ' o v o ^ r ^ v n — r O c N r r v n v o v n r r — O v r ^ r r o v o o v o o o o o  — r r r ^ r f T r r r r r ' o r j - T r r ^ - r j - v c r r r r r r  
— r ^ r ^ v o r r u S o v w S i ^  — r ^ r ^ ^ ’ — c n r r v o r ^ v o  — vn — o v v o o v t N i o o c ^ c 4 c i c 4 c > i c * i o 4 r 4 r 4 r 4 r 4 r 4 r ^
N  ^  U^ ^ w OV P> w  Ovw  Ch <N U  ©
uj a  oL/3 V) o  co C
a  S 5
■C 3 3
Q  U  00
83
Table 6 M easured stable isotope ratios for south rim sample sites.
Location Date 6 lsO 8D  Location Date 6 lsO 6D
Indian SEP 92 -12.5 -93 Hawaii SEP92 -12.0 -88
DEC92 -12.2 -93 APR93 -11.8 -88
JAN93 -12,4 -92 SEP93 -12.1 -90
MAR93 -12.4 -92
APR93 -12.3 -92 Dripping OCT92 -12.4 -90
MAY93 -12.5 -93 FEB 93 -12.5 -90
JUN93 -12.6 -93 APR93 -12.0 -89
JUL93 -12.6 -93 SEP93 -12.0 -90
AUG93 -12.4 093
SEP93 -12.5 -92 St Maria DEC92 -11.8 -90
FEB 93 -11.9 -88
ClearweLl SEP92 -12.3 -92 APR93 -11.4 -86
JAN93 -13.2 -96 SEP93 -12.2 -90
FEB 93 -13.2 -95
MAR93 -13.0 -94 Tusayan DEC92 -11.7 -89
APR93 -13.0 -93 JAN93 -11.9 -89
AUG93 -12.8 -92 MAR93 -12.1 -S9
SEP93 -12.8 -92 APR93 -12.0 -89
M AY93 -11.9 -90
Monument SEP92 -12.0 -89 SEP 93 -12.0 -SS
DEC92 -11.7 -88
SPR93 -11.5 -87 Canyon MAY93 -12.3 -90
JUL93 -12.0 -89
SEP93 -11.9 -89 No Rim APR93 -13.5 -95
SEP93 -13.5 -97
Page SEP82 -12.1 -92
Horn JUN93 -12.2 -91
Hermit FEB 93 -11.9 -87 APR93 -11.6 -90
APR93 -12.0 -89 SEP93 -11.S -90
JUL93 -11.8 -90
SEP93 -11.7 -89 SALT SEP93 -11.9 -SS
84
_L
o
? n v \c \p o \
r j
O n0 \
O
r -C
wa.<u
00
m
"o
CN
O 
CL 
*—'
o
CJ
19
CL
a,
o
0
CL
C l
1
r*“>
OJ
CL
C l
<
85
D
ri
pp
in
g/
O
C
T
92
 
in
cl
ud
ed
).
86
A Component 3
87
PwcocN
ss
9mc.'\v>o\
89
CO
Principal C om ponenl
12
od
( N
O n
ON
<D
- C
Sajoaja
m
TD
r-1
c5
CN
Caj
O
D.P
o
cj
75
.£•
oc
*C
CU
ll- .0 
5
a.
Q
1m
*o
oQ.D-
<
Ja
nu
ar
y 
19
93
.
90
91
Pw6?o\ ^
92
Principal Compone'
an
d 
M
ay
 
19
93
.
93
C . o w ? w e o , \
M
ay
 
19
93
, 
an
d 
Ju
ne
 
19
93
.
94
L l^ uodiui
'°0 PdbuuVd
o-----
o
3
_o
coin
O
j U d U O d - U J O Q  j o d p u u d
r o
O n
O n
CJ
JO
B4J
O-<uOO
m
T3
<3
<N
C
<D
coa,
So
U
13
c l
oc
C
Cl,
<*-,o
0
cx
a1m
*oc<u
Cu
Cu
<
«D 
(%
>
)
95
- 8 5
- 8 6
- 8 7
- 8 8
- 8 9
- 9 0
- 9 1
92
- 9 3
- 9 4
- 9 5
- 9 6
- 9 7
- 1 5 - 1 4 -1 0- 1 3
*-+++-* Indian/SEP92
Clearwell/SEP92  
M om um ent/SEP92  
——  P age/SE P 92  
d o o o o  Hawaii/SEP92  
0-0-ft0-0 Dripping/0CT92
ANALYTICAL ERROR 
<510O * 0.2 °/oo 
<5D * 1.0 °/oo
A ppendix  II. 1 C om parison o f m easured stable isotopes for south rim sam ple sites for
S ep tem ber 1992 (D ripping/O C T 92 included) relative to M W L.
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A ppendix II .2 Com parison o f  measured stable isotopes for south rim sam ple sites for
D ecem ber 1992 relative to M W L.
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Appendix I I .3 C om parison o f  m easured stable isotopes for south rim sam ple sites for
January  1993 and F ebruary  1993 relative to M W L.
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A ppendix II .4 C om parison o f m easured stable isotopes for south rim  sam ple sites for
M arch 1993 relative to M W L.
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Appendix IL5 C om parison o f measured stable isotopes for south rim  sam ple sites for
A pril 1993 relative to MWL.
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A ppendix II.6 Com parison o f  m easured stable isotopes for south rim  sam ple sites for
May 1993 and June 1993 relative to M W L.
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A ppendix  II .7 C om parison o f  m easured stable isotopes for south rim sam ple sites for
M ay 1993, June 1993, and July 1993 relative to M W L.
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A ppendix II .8 Com parison o f  m easured stable isotopes for south rim  sam ple sites for
July 1993 relative to M W L.
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Appendix I I .9 Com parison o f  m easured stable isotopes for south rim sam ple sites for
June 1993 and July 1993 relative to M W L.
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Appendix EUO C om parison o f m easured stable isotopes for south rim  sam ple sites
for Ju ly  1993 and A ugust 1993 relative to M W L.
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A ppendix 11.11 C om parison o f  measured stable isotopes for south rim  sam ple sites
fo r S eptem ber 1993 relative to M W L.
